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Wildfires, which will occur naturally or be produced from anthropogenic activities, are 
known to have significant impacts in most terrestrial and aquatic ecosystems such as streams. 
Following a wildfire, burning of soil and vegetation to ash can potentially lead to the input of 
contaminants such as trace elements into nearby aquatic streams. For this study, stream sediments 
were examined from the 16-Mile Fire that occurred in April 2016 at the Delaware State Forest, 
Pennsylvania, USA to determine major and trace elements present. While major and trace elements 
have been previously examined in soil from the 16-Mile Wildfire, stream sediments have not been 
extensively studied, particularly tributaries within and outside the fire perimeter. Sediment cores 
were collected from five streams both within the burned area of the 16-Mile Fire and outside the fire 
zone to compare results. Inductively coupled plasma mass spectroscopy (ICP-MS) was conducted for 
major, trace, and rare earth elements (REE) concentrations of the samples to determine the presence 
of fire signatures identified previously. Particle sizes were analyzed to understand the distribution of 
sediment in each sample. The presence of charcoal fragments was also found in all stream sediment 
samples four years after the 16-Mile Fire. Trace elements such as V, Co, Ni, Cu, Rb, Sr, Zr, and Ba 
were in higher concentrations outside the fire than inside. A digital elevation model helped to 
determine the watershed areas impacted by the 16-Mile Fire. Results indicate that only one stream 
(BK_5) did not intersect the fire and was more concentrated in signature element than samples taken 
from fire-intersected watersheds. Possible reasons for within-fire element depletion in stream 
sediments, compared to surrounding areas, include a combination of rapid loss following the fire, 
sequestering in the soil, or uptake into new vegetation (on land or in water). The data reported here 
are the first results on stream sediment chemistry in the 16-Mile Fire research, which provides an 
important understanding where fire signatures reside and their impact on aquatic environments.  
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Fire represents a significant environmental disturbance on an ecosystem. Wildfires can 
produce a wide range of positive or negative changes affecting the structure and function in 
forest ecosystems. The changes from wildfires depends on the responses within an ecosystem 
that vary on different components such as the type of vegetation present, severity of the fire, soil 
composition, aquatic biota, atmosphere, and the overall environment (Neary et al., 2005). The 
interrelationship between ecosystem response and fire severity is important to understand as it 
can explain fire-related alterations in a forested ecosystem. The significance of an ecosystem is 
due to their valuable ecological functions that play a major role in species diversity, hydrological 
cycle, soil regulation, and many other services.  
In forested ecosystems, soil, according to Neary et al. (2005), is a critical resource that 
maintains productivity and sustainability. Collectively, soil is formed through the interactions 
from biotic, climatic, geologic, and topographic factors over long periods of time. Soil is known 
as the important sustenance in an ecosystem to all living organisms by providing essential 
nutrients and acting as a “breathing skin” for the planet (Satín and Doerr, 2016). Soils are quite 
complex and form when rock is weathered. When weathering of rock occurs, sediment is formed 
which erosion and transportation removes the rock particles and transport these particles into 
lakes, rivers, streams, and other bodies of water (Sherman et al., 2013). Sediment contributes 
significant nutrients and minerals that are vital to water quality and aquatic ecosystem health. 
Made up of microscopic particles of sand, silt, and clay, sediment is critical for species habitat as 
well as replenishing important nutrients through transportation in both marine and freshwater 
environments. Soil and sediment provide an interconnected relationship that enriches ecosystems 




biochemistry, and hydrology. Through infiltration and permeability, soil can absorb and transfer 
water that enters from the ground surface. By doing so, soil effectively contributes water as well 
as important sources of organic and inorganic materials such as sediment to surrounding streams 
or rivers (Neary et al., 2005). The formation of soil or sediment can take many years to develop, 
however, the impact from fire can completely change the biological, physical, and chemical 
properties in a short period.   
 As a major disturbance, fire activity is influenced by four major factors: weather, climate, 
fuels, and anthropogenic activities (Flannigan et al., 2005). Both weather and climate are the 
most significant components for having major influence over fire activity. Changes in climate 
with warmer, drier conditions increase wildfire risk; however, much research suggests 
anthropogenic impacts are a major driver for the cause of forest fires. Human influence is also 
critical as our impacts on the environment as well as contribution to climate change continues to 
increase the risk and extent of wildfires. Currently, the planet’s climate has been warming as a 
result from on-going human activities, which is likely to increase high-intensity wildfires 
worldwide (IPCC, 2001). This overall rise in temperatures worldwide in the near future that can 
possibility lead to frequent droughts, which can consequently result in persisting wildfires. While 
climate change indeed raises the risk of wildfires, another stressor includes flammable invasive 
species that are responsible for changing fire patterns in many forests. Antonio and Vitousek 
(1992) mentions invasive plants can have long-term impacts on an ecosystem by dominating a 
less fire prone forest and change the available fuel, thus resulting in more fire activity. It is 
necessary to understand as well as address the impacts of humans on the environment and 




 While human impacts cause changes on the environment and in the climate, it is the fire 
ecology that additionally determines further perturbation to forests. The effect of wildfires 
severity is based on the intensity and duration, which is relied on the type of fuel being burned as 
well as other environmental factors such as weather (Certini, 2005). Severe high-intensity 
wildfires can cause significant degradation on forest soils and water quality, especially altering 
element chemistry within the environment. The ripple effects caused by wildfires are 
unpredictable, however, it is important to understand the impacts on the quality and function of 
forested watersheds. Although wildfires can contribute important productive changes within an 
aquatic ecosystem, high-intensity wildfires have the potential to release significant amounts of 
sediment, nutrients, heavy metals, and other contaminants that may reside for a long period of 
time (Bladon et al., 2014).  
Forest fires can reduce the long-term quality of forests and watersheds that ultimately make up 
an ecosystem. Different geomorphic processes, type of vegetation, hydrology, and soil properties 
that make up a forested watershed area can be altered from a wildfire (Swanson, 1981). According 
to Swanson (1981), fire effects on geomorphic processes will also impact vegetation and soil 
properties where these changes will alter the hydrologic regime by reshaping the movement of soil 
and sediment through watersheds (Figure 1.1). As a wildfire begins, vegetation and other organic 
matter are burned providing fuel to the fire. Fire reduces surface ground litter and directly exposes 
mineral soil, increasing its susceptibility to erosion. The mortality and decay of trees can lead to 
the reduction of root strength as well as increasing soil mass movements. Forested ecosystem 
experiences a variety of complex hydrologic responses from the impacts of wildfires on soil and 




 To grasp a better understanding on the impacts of wildfires on soil and stream sediment 
geochemistry within a forested ecosystem, it is important to analyze trace and major elements 
between the two different materials. The chemistry will help to gain insight about the 
concentrations of a particular element existing in different locations of a forest. It is also 
necessary to investigate contrasting areas within the wildfire such as burned and unburned 
locations, which can determine possible element signatures between soil and stream sediment 
samples. Comparing burned and unburned locations will highlight important information of any 
similarities or differences in order to better understand fire effects. Therefore, this research helps 
to better answer questions previously proposed by Darley (2017) on stream sediments. Darley 
(2017) questioned if fire signatures exist in stream sediments within and outside the fire extent as 
well as investigate how long the fire signatures will reside in the environment. Answering 
questions provided by Darley (2017) will help to understand the fire effects on aquatic 
environments such as streams and provide preliminary results for fire signatures within 
components of burned sediment samples.  
 
1.1 Wildfire Impacts on Forest and Aquatic Ecosystems: A Review  
 
Wildfires that occur adjacent to or near aquatic ecosystems such as streams, lakes, or rivers 
can severely impact their physical, biological, chemical, and hydrological condition. Fires are 
catalysts for the transport of sediment in terrestrial landscapes and result in the loss of major 
ground cover along with the reduction in infiltration rates due to the accumulation of ash or fine 
sediment. Bodí et al. (2014) defines ash as a major result due to the combustion of vegetation 
and surface litter from wildfires, which is consisted of left over residual mineral material. The 
characteristics of ash being produced during a wildfire depends on the quantity of fuel load, type 




in ecological and hydrological environments since it has the ability to become highly mobile 
after its deposition. Although ash may not remain on soil surface for a long period of time, it can 
be redistributed by wind depending on biophysical conditions such as terrain characteristics, 
climate, and topographic variability of vegetation (Bodí et al., 2014; Moser et al., 2008).   
Soil erosion as well as runoff are two major results of contaminants entering a water system 
depending on the fire severity and site-specific characteristics (Blandon et al., 2014). Fire 
severity refers to the ecosystem impacts of fire, which is the result of the interaction between 
high intensity burns and the surrounding environment (Hahn et al., 2018). Moreover, ash color is 
noted as an important indicator of fire severity and a helpful estimator regarding the impacts of 
fire on organic consumption (Balfour, 2013; Bodí et al., 2014). Following high intensity fires, 
the severity of the impact on the ecosystem can increase runoff volume and accelerate soil 
erosion, particularly a result from large precipitation events (Brooks et al., 2013). High intensity 
fire burns destroy aboveground vegetation, biomass, soil, and other organic matter that leads to 
the occurrence of erosion (Blandon et al., 2014; Hahn et al., 2018).  
Burning of biomass transforms to ash, potentially releasing stored chemical elements into 
nearby water sources or soils. Ash along with heavy metals can accumulate in large amounts 
adjacent streams that potentially impact water quality and ecosystem health (Blandon et al., 
2014). Wildfires can amplify watershed disturbances such as soil erosion, which subsequently 
increases sediments, turbidity, and chemical composition (Hahn et al., 2018). Sediment, a 
product of soil erosion, is a primary substance for chemical elements to physically adhere and 
transport downstream or deposited (Brooks et al., 2013; Konhauser et al., 1997). Blandon et al. 
(2014) explains the leading cause of water pollution involves the redistribution and transport of 




Wildfires occuring in areas where precipitation happens frequently can often lead to a higher 
risk of accelerated erosion and overland flow. High precipitation following fire can result in 
erosional impact that can cause vegetation loss, exposure of denuded soils, and easily affect flow 
rates of sediment delivery (Konhauser et al., 1997; Ryan et al., 2011). Accelerated erosion 
coupled with hydrophobic soils and reduced infiltration rates can yield catastrophic 
consequences on aquatic environments. Elevated turbidity due to increased sediment loading 
may propagate heavy metals in undisturbed streams following severe fires and rainfall (Blandon 
et al., 2014; Sherman et al., 2013). Thus, increased erosion as well as stormflow from burned 
areas can transport sediment, ash, charred material, and trace elements that will greatly affect 
water quality.  
In general, the chemical composition of stream sediments varies on several factors, such as 
the morphology, lithology, topography, hydrological features, vegetation coverage, and the 
effects of climate (Dinelli et al., 2005). Chemical element concentrations in fine-grained 
sediment is very useful for data analysis due to its longer residence time within the water column 
and higher potential for exposure to different biota compared to coarser-grained sediment 
(Blandon et al., 2014; Skrobialowski, 2002). The transport of fine cohesive sediments through a 
stream or river system after a wildfire can potentially increase the concertation of chemical 
elements, which can greatly impact discharge areas outside the burned area (Smith et al., 2011). 
Element content in ash can vary greatly depending on the specific plant that is being burned 
combined with the different soil composition. From the burning of biomass, the major elements 
in wood ash are magnesium (Mg), calcium (Ca), potassium (K), sodium (Na), phosphorous (P), 
and sulfur (S) where the minor elements are aluminum (Al), manganese (Mn), iron (Fe), silicon 




suspended sediment after a wildfire showed high chemical element concentrations above 
standard criteria provided for aquatic life. Rice (1999) mentions concentrations of trace elements 
arsenic (As) cadmium (Cd), copper (Cu), lead (Pb), mercury (Hg), nickel (Ni), cobalt (Co), 
chromium (Cr), and vanadium (V) found in sediment samples after a wildfire.  
 
1.1.1 The Effects of Ash from Wildfires 
 
Watersheds within a forest ecosystem play a significant role as the main transport mechanism 
that integrates structural and functional processes (Brooks et al., 2013). However, the effects of 
wildfires on the physical and chemical aspect of water in a forest can greatly alter its 
environment. According to Silva et al., (2014), forest fires are recognized as a diffuse source of 
pollution such as trace elements, heavy metals, ash, charred biomass, and suspended sediment 
that has deleterious effects on adjacent or downstream water bodies. Vegetation subjected to 
intense temperatures from a forest fire can alter plant material and easily deposit ash or other 
forms of fire-altered matter (Figure 1.2) (Balfour, 2013; Jones et al., 1997). Ash deposits can 
form a large store of particulate carbon such as charcoal or black carbon that contains high 
concentrations of various trace elements and other contaminants (Silva et al., 2014; Smith et al., 
2011).  
The processes that lead to ash generation are complex. Bodí et al. (2014) mention incomplete 
combustion, which generally occurs at temperatures below 450℃, and thermal degradation of 
organic material within the absence of oxygen will produce organic-rich ash. An incomplete 
combustion can generate pyrogenic organic matter that is comprised of carbon-rich organic 
materials from charred biomass through charcoal to soot (Bodí et al., 2014). Combustion 
completeness, which occurs at temperatures that reach 450℃ and above, will reduce the ash 




content. Demeyer et al. (2001) mention trace elements can be found in soil after a wildfire. 
Understanding how ash is made and other particulates that is a product from different 
combustion processes contributes to what chemicals may transfer into soils and nearby streams. 
Depending on fire intensity influences the characteristics of ash produced. For instance, 
particle size of ash correlates with the combustion completeness where Bodí et al. (2014) found 
ash of a more complete combustion to be of finer particle size. As mentioned, ash is highly 
mobile and can be rapidly redistributed or transferred to soil and water. The transport of ash will 
also allow the transfer of trace elements and other chemical contaminants to be leached into the 
environment. According to Woods & Balfour (2010), through windy conditions, ash along with 
charred material can move from the burn zone to outside the area, resulting in transferring to 
nearby streams or lakes. An increase in ash from high intense wildfires can result in surface 
runoff to streams or rivers, where it has the potential to impact aquatic species and water quality.  
As previously stated, the magnitude of post-fire hydrological response depends on the 
amount of loss biomass, soil moisture content, duration of burn, and fire intensity (Woods & 
Balfour, 2008). The impact of vegetative ash has the potential to clog soil pores, thus causing 
runoff to occur and decreasing soil infiltration (Bookter, 2006). Overland flow as well as debris 
flows can also effectively increase post-fire ash and sediment transport (Cannon et al., 2001). 
Furthermore, fine particles such as clay, silt, and vegetative ash can be deposited through debris 
flow or runoff. The input of fine particles can result in the change in soil pH, which is attributed 
to bicarbonates and carbonates due to combustion temperatures below 500℃ (Bodí et al., 2014; 
Brookter, 2006). Chemical composition between vegetative species varies greatly, especially in 
different environments or regions that defines the plant’s physiological ecology (Diefendorf et 




 After a wildfire, stormflow and precipitation regime have also been known to increase peak 
flows that could affect rivers and streams discharge in and from the vicinity of the fire (Tecle & 
Neary, 2015). In addition, the persistence of rainfall can potentially result in floods, which may 
continue to send sediment and ashes downstream into other water resources. This may lead to 
elevated concentrations of harmful elements such as Hg, Al, and Pb that can be dangerous to 
both humans and aquatic species. Tecle & Neary (2015) documented excessive amounts of 
sediments as well as ash in Helsey Lake in Wisconsin and Ackre Lake in Arizona due to wildfire 
that resulted in significant fish kill. The effects of ash or charcoal in streams is difficult to 
quantify and remain with limited attention in assessing chemical composition. However, few 
studies have been conducted to investigate the distribution of trace and major elements in 
streams or other water bodies after a wildfire.  
 Odigie et al. (2015) investigated temporal changes in dated sediments collected from 
Lake Thompson in Patagonia, Chile, to assess charcoal and trace element abundance. 
Atmospheric emissions of urban pollution due to multiple human activities were examined as 
impacts since the industrial revolution. Odigie et al. (2015) mentions the emissions from the 
combustion of leaded gasoline accounted for more than 75% of Pb aerosols, documented in snow 
samples in the Chilean Andes. Melting of snow and rainfall remobilize elements through runoff, 
which result in distributing trace elements to nearby sediments, vegetation, and soil. Wildfires 
have shown to increase the transport rates of contaminants, such as Pb, Zn, and Hg, to water 
bodies while remobilizing other elements from atmospheric emissions. Odigie et al. (2015) 
collected sediment cores to analyze the presences of charcoal and quantify the amount of trace 
elements of As, Co, Cu, Mn, Ni, Pb, and Zn. Results show charcoal abundance and 




are known to be toxic at low concentrations, therefore health implications are reported by Odigie 
et al. (2015) as remobilized elements could be problematic.  
 In forested landscapes, following a wildfire have potential implications for the function 
and quality of aquatic ecosystems. Owens et al. (2012) determined potential impacts on aquatic 
ecosystems due to a wildfire taking place in 2003 in two forested watersheds, Fishtrap and 
Jamieson Creek, in British Columbia, Canada, over the period from 2004 to 2010. The Fishtrap 
Creek was severely burned while the wildfire did not affect Jamieson Creek, but shared similar 
characteristics in vegetation cover, geology, topography, and climate, which gave reason to 
sample river sediments from both areas for comparisons. Soil samples were also collected nearby 
the watersheds as they are likely to contribute sediment through erosion to the channels. Results 
indicate 137Cs and 210Pbun were concentrated at the soil surface in both watersheds, reflecting 
combustion of organic material such as vegetation to deposit wood ash.  
Owens et al. (2012) mentions the 137Cs concentrations in the sediment samples from Fishtrap 
Creek were different compared to Jamieson Creek, however, 210Pbun values did not statistically 
contrast between the two watersheds. Both 137Cs and 210Pbun are differing from other trace 
elements as these radionuclides bind strongly to surface mineral and organic material along with 
their vertical distribution is limited as subsurface soil have much lower concentrations. However, 
137Cs and 210Pbun are used to document sediment tracing and budgets over a long period of time 
which is useful for studies similar to Owens et al. (2012). Overall, conclusions were made based 
on the limited response in terms of fine-grained sediment fluxes immediately following the fire 
due to the lack of hillslope erosion or precipitation during the first year of the wildfire. This 
study is useful for forested areas impacted by a wildfire and using 137Cs and 210Pbun  can help to 




1.2 Pyrogenic Effects on Wetland Sediment     
  
Forested wetlands are complex yet vital ecosystem that play an important role in the 
environment. Forested wetlands are generally dominated by hydrophytic plants and characterized 
by saturated or inundated soils (Lyon et al., 2000). Forested wetlands serve many ecological 
functions by providing species habitats, biodiversity, aiding in flood control by storing excess 
water from storms, reducing soil erosion, collecting sediment from runoff to prevent clogging in 
other water bodies, and monitor the overall ecosystem health (Lyon et al., 2000; Welsch et al., 
1995). The occurrence of wildfires in wetlands may seem uncommon due to its saturated 
conditions, however, such ecosystems containing plenty of fuel and during dry season can 
experience a fire (Watts et al., 2015). Existing between aquatic and terrestrial ecosystems, 
wetland ecosystems can be burned if aboveground fuels such as vegetation composition and 
prolonged droughts in soils are sufficient to ignite a fire (Watt et al., 2015; Welsch et al., 1995). 
The long-term effects that is linked to the accumulation of chemical elements in the sediments of 
streams or wetlands due to wildfires can cause severe ecological impacts.   
Fire occurrence (frequency and intensity) yields distinctive effects on wetland 
ecosystems, which has the influence to alter its composition, structure, productivity, and 
landscape. According to Watts et al. (2015), the combination of high severe fire with direct 
combustion on its carbon-rich organic soils and biomass can result in significant damage. Fire-
induced changes in wetlands can produce hydrologic alterations by impacting water storage 
volume and increase erosion. A study suggests wildfires can change the water quality of wetland 
ecosystems by causing different responses in sediment, temperature, turbidity, cation levels, and 




wetland swamps endure similar effects after a fire, however, have not received much study 
(Long & Davis, 2016). 
In nature, trace metals may be present in various physiochemical forms varying in 
density, charge, and size within water systems (Alhashemi et al., 2011). For instance, major 
elements such as Al, Fe, Si, and Ti can be seen in rocks; which if subjected to extreme heat from 
a wildfire, it can accumulate in streams due to natural processes such as weathering (Alhashemi 
et al., 2011). Wildfires can also greatly influence trace metal enrichment and contribute the 
dispersal of these elements throughout the environment. As previously mentioned, depending on 
the fire severity and how much organic material burned can deposit loads of trace elements in 
soils as well as sediments. Since many wetlands are surface waters, much chemical pollutants 
following a wildfire can easily degrade nearby swamps or marshes. Suspended sediment plays a 
major role in the transport of contaminants, such as trace metals, which can be traveled 
throughout an estuary or wetland and deposited as a contaminant sink. Furthermore, sediments 
play an important role in evaluating pollution levels of trace and major elements. According to 
Alhashemi et al. (2011), trace and major elements from soil or sediment can enter aquatic 
ecosystems and following a wildfire can increase the input of different elements.  
Responses of wetland sediments and soil to fire is complex yet dependent on a range of 
factors that include the water table in the wetland at the time of the fire, type of vegetation 
inhabiting the ecosystem influencing initial fuel, and post-fire recovery (Alhashemi et al., 2011; 
Semeniuk & Semeniuk, 2005). Sediments and soil that comprise wetlands are composed of 
various autochthonous (i.e., coming from within the system) and allochthonous (i.e., coming 
from outside the system) material, representing a much larger range than forested ecosystems 




to combustion under conditions that support fire such as dead material, tree canopies, and 
organic matter present. According to Alhashemi et al. (2011), heavy metals have a potential to 
contaminate soil, water, and sediments, which can critically degrade aquatic systems. If heavy 
metals are released from the sediment, it can alter an aquatic ecosystem health (Alhashemi et al., 
2011).  
Various elements and chemical compounds are then released into the environment in 
different ways: (1) chemically changed material remaining in-situ; (2) as ash; (3) as smoke or 
gases (Semeniuk & Semeniuk, 2005). After a fire, elements remain either in the ash on the 
wetland floor and will translocate within the sediment or soil through leaching, which is initiated 
after a rain event. According to Cynthia et al. (2011), wetland sediments are considered long-
term sink for trace elements, meaning over time the concentrations of the elements accumulate 
which can pose a significant threat to species due to potential toxicity. Only recently have 
researchers started to investigate and quantify carbon storage in wetland ecosystems due to their 
ability to store a substantial amount of carbon from the atmosphere (Bolin & Sukamar, 2000). 
Due to their function of sequestering carbon and accumulating trace elements in sediments, the 
release of these elements into surrounding waters or the atmosphere can cause environmental 
damage if, for example, a wildfire occurs (Cynthia et al., 2011). Hence, there is a concern about 
the long-term effects directly impacting aquatic environments and releasing loads of stored 
carbon back into the atmosphere. Understanding the effects of wildfires on wetland sediments 







1.3 Project Aim 
 
Several studies conducted in aquatic systems such as rivers or lakes analyze the presence of 
trace elements in sediments, but there is a lack of data to quantify and understand the various 
elements present after a wildfire. This is the main goal of this research as there is a lack of 
studies on fire impacts on soil and stream chemistry. This project builds off the research 
conducted by Darley (2017) to address questions posed on the presence or absence of trace 
elements signatures of forest fires in stream sediments. 
This research investigates the impacts of wildfire on major and trace elements in stream 
sediment from the 16-Mile Wildfire that occurred in April 2016 at the Delaware State Forest, 
Pennsylvania. The goal of this project was to identify and determine if there is a presence of 
trace element signatures in stream sediments following the fire four years later. Concentrations 
of major and trace elements were discovered by Darley (2017) in forest soil following the 16-
Mile Fire. Further implications by Darley (2017) suggest to further investigate how fire affects 
water resources by collecting sediment samples to investigate if fire signatures reside in aquatic 
environments. Therefore, analyzing stream sediment inside and outside the wildfire will help to 












Figure 1.1 A modified flow chart depicting the various impacts of wildfire on vegetation, soil 
properties, hydrology, and geomorphic processes (Swanson, 1981). Each category that has a 
colored box was previously studied and influenced by a type of fire activity. Darley (2017) 
showed the impacts on soil properties and chemistry due to a wildfire event that occurred in 
April 2016. Flood (2019) studied fire ash composition and showed how different tree species 
have different proportions of elements in their ash. Both projects contribute similar yet different 
results in terms of ash and soil chemistry, which leads to understanding the effects of fire in 
streams. Hence, the blue box represents this research as well as builds on research by Darley 
(2017) and Flood (2019) to identify fire signatures from forest fires. Combining all three projects 
will help to address important questions on the impacts of forest fires and lead to future research 








Figure 1.2 A general fire product terminology according to Jones et al. (1997). Figure replicated 
from Balfour (2013). The combustion process consists of three main ingredients. The presence of 
fuel from plants with the combination of oxygen is ignited (exothermic reaction) to form fire. The 
result of a fire can yield atmospheric gases, ash, charcoal, and charred material that are eventually 















The 16-Mile Fire study is an ongoing project that followed the devastating fire in April 2016. 
This research helps to investigate stream sediment chemistry as previous studies done by Pope et 
al. (2012), Callanan et al. (2017), and Darley (2017) analyzed work relating ash chemistry, fire 
signatures within soils, and interspecific variation of elements among tree species. Darley (2017) 
suggested the probability of ash affecting water quality and stream sediments, which may contain 
concentrations of trace elements. Therefore, it is useful to determine potential fire signatures in 
stream sediments inside and outside the fire area in order to understand the biogeochemical 
impact wildfires have on streams. Analyzing soil geochemistry data from Darley (2017) will help 
to compare stream sediment element results inside and outside the fire. Sediment samples were 
collected in streams that were adjacent to soil sites previously studied. 
 
2.1 Study Site  
 
 Stream sediment sampling was carried out within the Delaware State Forest in 
northeastern Pennsylvania (Figure 2.1). The Delaware State Forest is approximately 335 km2 that 
intersects across four different counties where the fire occurring in Monroe and Pike counties. 
The study area, known as the 16-Mile Fire for its starting point in 16 Mile Run Road, 
Pennsylvania, occurred on April 20, 2016 due to arson, burning 32.5 km2 of landscape over a 
five day period as well as destroying more than 11 building structures, including 2 cabins, 3 
seasonal homes, and 6 outbuildings (PA Department of Conservation and Natural Resources, 
2016; Callanan et al., 2017a). The Delaware State Forest is a working forest and very well 
managed by the Pennsylvania foresters, who actively harvest timber, perform prescribed fires, 
control gypsy moth population, set up deer enclosure fencing, and operate natural gas drilling 




camping, fishing, hunting, and hiking. This serves to protect the water resources within the 
Delaware State Forest in order to keep good water quality.  
Due to its severity, the wildfire persisted over a five-day period as a result of fuel such as 
hardwood tree species and a drier spring season contributing to the flames. According to 
Pennsylvania Department of Conservation and Natural Resources forester Matthew Hazen 
(personal communication) and Callanan et al. (2017a), the climate conditions prior to the fire 
included no rainfall for eight days and warmer than average winter. Furthermore, on the day of 
the wildfire, critical weather that led to extreme fire behavior recorded very low relative 
humidity (8-19%), fine dead fuel moisture (2-5%), and high probability of ignition (70-100%) 
(Pennsylvania Department of Conservation and Natural Resources, 2016). The main tree species 
surrounding or within the fire extent consisted of Quercus montana (chestnut oak), Quercus 
velutina (black oak), and Quercus alba (white oak). As a result, the fire severely burned 
vegetation, surface soils, and the forest floor, however, many of the trees burned since the 
wildfire are still present three years later (Figures 2.2 and 2.3). In addition, the mortality of large 
tree stands was another ecological stressor due to gypsy moth defoliation during the time of the 
wildfire. 
The Delaware State Forest contains numerous stream tributaries, specifically a 
mainstream known as the Bushkill Creek that flows into the northeast region of the 16-Mile Fire 
burn area, moving through the central portion, and out of the southeast corner of the burn extent. 
All streams that were sampled in this project were along the Bushkill Creek inside or outside the 
16-Mile Fire (Figure 2.4). The Bushkill Creek is a tributary, approximately 48 km long that 




Lake. As the largest tributary, the Bushkill Creek drains southeastward off the Pocono Plateau 
and into the Delaware River (Witte, 2017).  
The tributaries and wetlands in this headwater area to the Bushkill Creek are part of the 
Middle Delaware-Mongaup Brodhead Watershed, located in the south-eastern part of New York 
and with 57% of it based in Pennsylvania or New Jersey (United States Department of 
Agriculture, Natural Resources Conservation Service, 2009). Pike and Monroe counties are 
located within the watershed. The Bushkill Creek supports a large diverse fish community which 
include native Salmonidae (salmonid species), Salvelinus fontinalis (eastern brook trout), 
Anguillidae (freshwater eels), and Catostomidae (freshwater suckers) (Rothenberger et al., 
2017). All streams within the Bushkill Creek area are classified as a High-Quality Cold Water 
Fishery (HQ-CWF) by the Pennsylvania Department of Environmental Protection (PA DEP) due 
to the underlying geology comprised of upper Devonian Long Run and Walcksville Members of 
Catskill Formation (Figure 2.5) (Callanan et al., 2017a; Darley, 2017; Rothenberger et al., 2017).  
According to Harper (1999), the Catskill Formation is part of the Catskill deltaic wedge 
that was developed from the Acadian orogeny and can be classified into five broadly defined 
lithologic facies. The Devonian-age bedrock of the Catskills consist of deposited sediments of 
sandstones, mudstones, and conglomerates (Harper, 1999; Ver Straeten, 2013). Parent material 
of soil and sediment development consists of glacial till deposits derived from the late Wisconsin 
glaciation (Witte, 2017). According to Lipscomb (1981), Monroe County was covered several 
times by glaciers where the Wisconsin glaciation was the last advance during the glacial cycle. 
As a result of glaciation, each glacial advance and retreat eroded as well as redeposited material 
from bedrock, older soil, and glacial deposits (Lipscomb, 1981). Evidence of glacial till shows 




based on a soil survey performed by Darley (2017), the 16-Mile Fire area has soil texture that 
ranges from coarse loamy to loamy skeletal. Stream deposits typically include coarse grained 
particles including sand and gravel with finer grained particles consisting of quartz, silt, and clay 
minerals (Witte, 2017). Wetland swamps throughout the Bushkill Creek are also formed over 
glacially sourced bedrock.  
 
2.2 Field Methods  
 
2.2.1 Sediment Sampling  
 
 Sediment samples were collected from different streams that were located within the burn 
area and outside the fire extent. Five different streams were chosen based on previously assessed 
locations for soil samples by Darley (2017) in order to compare sediment samples to adjacent 
soil sampled sites. Sediment sampling was performed during low streamflow using ten precut 
and marked PVC pipes for coring. The dimensions for the cores used for sampling were about 3 
inches. Depending on the stream bed characteristics, for instance, if the bottom of the stream was 
too rocky to core then trowels were utilized in order to sample sediments. Sampling also 
included recording stream hydrological measurements such as width depth, and velocity to 
characterize each site, which can be seen in Table 2.1. All sampled sites were identified 
according to the wildfire event (16MF), their stream name, site reference to Darley (2017) 
sample sites, and the number of samples collected, for example: (16MF_BK_5_1). A total of 19 
sediment samples were collected from all five streams and grouped according to their fire 
impact. The GPS coordinates were collected for all sampled sites along with site description 
(Table 2.1). Sediment samples that were collected with a trowel are stored in Nasco Whirl-Pak 
bags with site ID, date, and location provided. In addition, sediment samples that were cored will 




transported and stored in a cool temperature-controlled setting in the Montclair State University 
Earth and Environmental Studies Department, Earth Systems Laboratory. 
 
2.2.2 Pine Swamp and High Swamp  
 
 The first day of sampling occurred on September 19, 2018 near Sixteen Mile Run, 
located east of Cresco, Pennsylvania (shown in Figure 2.1). The first stream assessed is 
particularly different compared to other sampled streams in terms of location in the wildfire. This 
stream is a tributary that also feeds into the Bushkill Creek, which is about half a mile long and 
contains two wetlands at each end of the stream, one following inside the burn, Pine Swamp, and 
the other located outside the burn area, High Swamp (Figure 2.6). Both wetlands are separated 
by a road that goes between the site, therefore, each site is identified as its own sample code, for 
instance 16MF_HS and 16MF_PS, which helps to differentiate both swamps. Sediment sampling 
began downstream in High Swamp where a line transect method was carried out by measuring 
out three meters apart from each core and in low streamflow to avoid any disturbances during 
collection.  
In High Swamp, a core was taken within the wetland and another towards the 16 Mile 
Run Road. A second core between the swamp and road, was not taken due to high turbulent 
streamflow. Moving upstream to Pine Swamp, a total of seven sediment cores were taken. 
Transects were carried out and each sampled area was measured for stream depth and width. It 
should be noted a beaver dam was built nearly four years ago according to Pennsylvania 
Department of Conservation and Natural Resources forester Matthew Hazen (personal 
communication), which flooded the site at 16MF_PS_8 and created very little streamflow 
(Figure 2.7). The opening of the wetland Pine Swamp (Figure 2.8) was influenced by the beaver 




High and Pine Swamp shared similar characteristics in streamflow showing little flow of 
water occurring in each tributary. The tributaries that eventually lead into the wetlands are 
surrounded by various tree species and several ferns or plants that cover the forest floor. Pine 
Swamp showed several burned trees still remaining four years after the wildfire (Figures 2.7 and 
2.8). In the wetlands, the water depth increased with submergent and emergent plants covering 
the bottom, making coring difficult to collect. Both tributaries streambed conditions were very 
rocky with shallow waters that slowly flowed into the wetlands.  
 
2.2.3 Bushkill Creek  
 
 Stream sediment sampling for sites along the Bushkill Creek began on August 22, 2019, 
which was nearly a year apart from collecting samples at Pine and High Swamp. In addition, the 
sites chosen for sediment sampling were nearby soil sites that were previously collected by 
Darley (2017) to compare soil and sediment data. The sites that were chosen along the Bushkill 
Creek were located inside and outside the fire area. One stream, 16MF_BK_7, located inside the 
fire extent and two streams, 16MF_BK_5 and 16MF_BK_12, outside the burn area were 
assessed using trowels due to the rocky conditions of the streambed. A total of 9 sediment 
samples were collected along with hydrologic measurements.   
In stream site 16MF_BK_12 is another tributary attached to the main branch of the Bushkill 
Creek that is located northeast from the burn area. The environment of 16MF_BK_12 had a 
rocky streambed which made it difficult to collect sediments. Another beaver dam was noted 
near sample 16MF_BK_12_1 and created similar hydrologic conditions as site 16MF_PS_8, 
however, no wetlands were present in any sites (Figure 2.9). The beaver dam blocked the other 
side of the stream causing stagnant water flow behind the debris. The stream showed low 




Stream site 16MF_BK_7 is a tributary of the main Bushkill Creek where it is lies inside the 
fire and downstream from site 16MF_BK_5. Site 16MF_BK_7 had rocky conditions with 
several large rocks and loads of debris lying across the stream (Figure 2.10). Site 16MF_BK_5 
showed similar conditions where the streambed and banks of the stream were rocky as well as 
being well shaded by overhead tree canopy (Figure 2.10). Outside the fire, 16MF_BK_5 showed 
low turbidity water and little to no streamflow. In addition, aquatic species such as a common 
snapping turtle (Chelydra serpentine) and a northern crayfish (Orconectes virilis) inhabited site 
16MF_BK_5, indicating good stream conditions for organisms. Stream site 16MF_BK_5 will be 
used as control for the study as it is the furthest upstream and is anticipated to not show high 
element concentrations compared to samples inside the 16-Mile Fire area.  
 
2.3 Laboratory Methods  
 
2.3.1 Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) Preparation and Analysis  
 
Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) is a useful analytical 
instrument that fully decomposes a sample into its constituent elements. ICP-MS helps to 
measure elements at trace levels by ionizing the sample using ICP and then using a mass 
spectrometer to separate as well as quantify those ions. Analyzing major and trace elements in 
stream sediment samples will be determined using ICP-MS.  
All stream sediment samples were first placed in the lab’s Fisher Scientific Isotemp Oven 
at 45℃ for 72 hours to remove excess water content and moisture within the samples. Any 
presences of organic material such as twigs, leaves, or vegetation was carefully picked out before 
being crushed. Sediment samples used for ICP-MS was from a complete homogenized sample. 
After drying, the samples were then crushed into a homogeneous powder using an agate mortar 




preparation and procedures was developed by Stefanie Brachfeld & Matthew Gorring (n.d.) at 
Montclair State University, New Jersey, USA. According to the Brachfeld & Gorring (n.d.) 
sample preparation, each sample mass was weighed within 0.0995-0.1005g range and the mass 
of lithium metaborate (LiBO2), a flux agent, was within 0.398-0.402g. A four-digit analytical 
balance was used to attain the proper mass of each sample and flux. The sample and flux agent 
were mixed together and funneled into graphite crucibles. Blanks of LiBO2 alone were also 
weighed and placed in graphite crucibles to use as an internal sampling control.  
Crucibles were heated in a muffle furnace (Thermo Scientific Lindberg Blue) for 
pyrolysis at 1050℃ for approximately 35 minutes. After 35 minutes, the crucibles were carefully 
removed from the furnace after a molten glass bead formed. The molten bead inside the crucibles 
needed to be quickly swirled before placing into a beaker in order to avoid cooling the molten 
bead as it would make it difficult of transfer out of the crucible. Once swirled, the glass bead was 
poured into Teflon beakers with measured 50mL of 7% trace metal grade nitric acid (HNO3) to 
shatter and further dissolve. The Teflon beakers were placed on a magnetic stir plates with 
stirring rods inside to help completely dissolve the fused sample. The solution was then filtered 
through 100mm filter paper into 60mL Nalgene sample bottles to acquire a concentration of 
500x sample solution.  
In order to run the 500x sample solution on ICP-MS, a dilution factor of 10,000x is 
required to obtain proper results. To obtain 10,000x solution, a 0.5mL aliquot of the 500x 
solution and 9.5mL of 2% HNO3 was pipetted into 15mL tubes. The tubes of 10,000x sample 
solutions along with standards and blank samples were placed in an organized auto sampler rack 
to maintain proper sampling sequence. The rack consisted of ten US Geological Survey (USGS) 




M. Flood (2019) (Table 2.4) and six blanks that consisted of only HNO3 and LiBO2 that followed 
the same procedures as samples. The purpose of using these blanks and standards during ICP run 
were for instrumental calibration. Trace element, major element oxides, and rare earth element 
(REE) analysis took place using a Thermo Scientific™ ICAP Q iCP-MS with ASX-560 auto 
sampler and argon gas to cause an ionization reaction. All samples ran through triplicates to 
account for variation with a drift solution measured every fifth sample. The drift solution helped 
to adjust any fluctuations during the instrument run.  
After the ICP-MS data was obtained, a Microsoft Excel 2020™ spreadsheet template was 
used to convert the raw data in counts per second (CPS) to parts per million (ppm) 
concentrations. The final data for trace elements (Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, 
Nb, Cs, Ba, Hf, Ta, Pb, Th, and U) and rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, 
Er, Tm, Yb, and Lu) were reported in normalized parts per million (ppm) concentrations whereas 
the major elements were expressed as oxides (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, 
Na2O, K2O and P2O5) measured in normalized weight percent (wt%). The data displayed are 
similar to Darley (2017) who compared the geochemistry of soils inside and outside the fire 
extent of the 16-MileFire.  
Statistical analysis was performed by using analysis of variance (ANOVA) and a Tukey’s 
Honest Significant Difference (HSD) post hoc test on IBM’s SPSS™ software to examine each 
element for possible differences in concentrations inside and outside the wildfire. Post hoc tests 
are an integral part of ANOVA as it helps to analyze the equality of at least three group means 
and explore differences between the groups. Elements tested from ICP-MS and XRF were 
arranged into three groups; inside, outside, and the control during statistical analysis on ANOVA 




2.3.2 X-ray fluorescence Spectroscopy (XRF)   
 
X-ray fluorescence (XRF) analysis is a powerful and useful tool that can be used to 
determine the presence of trace and major elements, supplemental to ICP-MS. The use of XRF 
helps to identify and compare specific elements in the sample to provide context of their 
environment. The ability to analyze the geochemistry of sediments using XRF helps to determine 
major and trace elements of a single specimen inside the lab or out in the field. The XRF is not to 
be confused with ICP-MS analysis, although similar in terms of determining trace and major 
elements, the XRF is carried out directly on the solid material. Digestion or dilution is not 
required while using the XRF, therefore, no chemical waste is necessary. Instead, the XRF is 
performed using x-ray radiation that beam through the sample and analyzes the entire material. 
Although ICP-MS provides 18 trace elements to analyze, XRF presents three different elements 
such as S, As, and Se that do not show up during ICP-MS testing. 
The purpose of using XRF was due to how quick the process was to determine major and 
trace elements. As previously stated, XRF requires no chemicals or digestion processes unlike 
ICP-MS. The XRF is a non-destructive x-ray scanning tool that measures elements and is used 
for analyzing a wide range of specimens such as rocks, sediments, and minerals. It is 
supplemental and easy to use, but the XRF is less reliable quantitatively compared to ICP-MS. 
The XRF is normally a quick scan tool to receive a general idea whether some of the elements 
exist; therefore, the XRF is more qualitative instead of quantitative (X. Li, 2020, personal 
communication). Furthermore, when element concentration is low, about 100 to 500 ppm, it is 
pushing the detective limit for XRF and the elements will be less accurate.  
 Major and trace element analysis using ICP-MS and XRF provides various results that 




determining four major oxides (MgO, SiO2, K2O, and Al2O3) and 22 trace elements (P, S, Ca, Ti, 
Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Y, Zr, Ba, Pb, Th, and U). Statistical analysis 
using ANOVA and Tukey’s HSD post hoc test was used to test each individual element for 
differences in element concentrations.  
 Sample preparation requires little effort compared to ICP-MS. Samples were prepared 
and grinded into homogenous powder using an agate mortar and pestle. The X-ray fluorescence 
spectroscopy (XRF) was done on stream sediment samples using the Bruker™ Tracer 5g XRF 
Spectrometer laser for further element analysis (Figure 2.11). All samples were placed in a 
SPEX™ SamplePrep Disposable XRF X-Cell™ Sample Cup with a thin window film covering 
the cell to serve as the sample window during analysis. Dr. Xiaona Li, an analytical 
instrumentation specialist from Montclair State University, assisted with running each sample on 
the XRF Tracer instrument while operating the application on the computer to match the sample 
type according to its identification. The XRF Tracer instrument was positioned standing upwards 
and each sample with the window film faced downward in order for the x-rays to penetrate 
through all parts of the sample. Measurement times for each sample on the XRF instrument was 
approximately two to three minutes. The XRF is not compared to any standards as it is heavily 
influence by matrix and there is not a reliable standard deviation to correct for it.  
 Data analysis in XRF requires minor calculations in Microsoft Excel 2020™. A 
spreadsheet template was given with the raw data in percent (%), which was then converted into 
ppm by multiplying each element by 10,000 ppm. Any samples that contain data results with 
“LOD” means the concentration is too low for the instrument, which implied zero. The oxides 
present in each sample required more calculations to remain in percent. Dr. Li provided an 




composition of the oxide compound present. For example, if Al2O3 is reported 8%, and Al 
atomic mass is 27g and O is 16g, then the equation can be set up as: 
%  
27 ∗ 2
27 ∗ 2 16 ∗ 3
∗ 8% 4.24% 
The final data for major oxides (MgO, SiO2, K2O, and Al2O3) were calculated and finalized in 
percent whereas selected elements (P, S, Ca, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, 
Y, Zr, Ba, Pb, Th, and U) were reported in ppm.  
 
2.3.2.1 Correlating XRF and ICP-MS Results  
  
The two analytical methods are different in technique, yet both detect the concentrations 
of major oxides and trace elements. The results provided by XRF were applied to validate ICP-
MS data and to contain reliable information without any significant differences between the two 
techniques. A comparison between ICP-MS and XRF was determined to find any differences 
between each element detected by both methods. Each element that was detected by both 
methods was plotted as a scatterplot to analyze any correlations. The ICP-MS and XRF shared a 
total of 18 elements, four major oxides and 14 trace elements. A scatterplot correlation was 
generated on Microsoft Excel 2020™ to estimate the strength of the linear relationship between 
the two methods. Results from a scatterplot will help to differentiate or compare data sets from 
both methods and determine which is more reliable.  
 
2.3.3 Particle Size Analysis of Stream Sediment  
 
Particle size analysis was used to understand the distribution of sediment in each sample 
from each different stream. Each stream that was sampled contained its own geological and 




streambed. The determination of the particle size distribution of stream sediment was important 
and necessary to carry out since the size and shape possibly influences chemical properties. 
Performing a particle size analysis will answer the question: what size are the particles in each 
stream?  
The methods carried out to determine grain size distribution began with preparing each 
sample in the drying oven at 45℃ for 72 hours to remove any excess moisture. Particle size 
distribution was done by dry sieving which involved each sample being subjected to vertical 
movement. During dry sieving, the particles are abruptly passed through the gaps or holes in 
every single sieve. A total of 9 different manufactured U.S.A Standard Sieve Series, a bottom 
pan, and the W.S. Tyler® RO-TAP RX-29 Sieve Shaker (60 Hertz) were utilized in this 
procedure (Figure 2.12). Each sieve screen or mesh contains different opening sizes (in inches or 
micrometer) that pertain to its sieve number can be seen in Table 2.5. The series was organized 
in a sequence from placing the larger (coarser) opening screen sizes on the top of the stack 
following the smaller (finest) opening screen size on the bottom. The stack also included a cover 
on the top of the sieve to avoid lost samples while shaking and a bottom pan below the finest 
sieve to collect the finer particles. The weight of each sieve including the bottom pan was 
recorded. 
During the dry sieving process, each sample placed through the sieves were shaken for 
five minutes. For every sample, the weight of each sieve and the pan with the sediment retained 
were recorded. Between each sample, all the sieves were cleaned by using a brush to remove any 
grains stuck in the mesh openings to avoid cross-sample contamination. The stack of sieves was 




continuing to the next sample. Calculations for particle size analysis was carried out using 
Microsoft Excel 2017™.  
Determining the presence of silt and clay was assessed similarly by using the dry sieve 
method. Two Cole-Parmer® Testing Stainless Steel Sieves with a cover and bottom pan were 
utilized for in the procedure. The sieve number and opening size to determine the presence of silt 
and clay can be seen in Table 2.6. The weight of the bottom pan and sieves were taken for 
further calculations. The samples used for determining clay and silt were taken from the bottom 
pan in the previous procedure as it collected the finer particles. Since the clay and silt sieves 
were smaller compared to the larger sieves used, the shaking was done by hand for 
approximately five minutes. Once shaken, the two sieves and the bottom pan mass with sediment 
particles retained were recorded. Folk (1954, 1980) and Lewis & McConchie (1994) proposed 
the use of the textural terminology for gravel-free detrital sediments that determines the 
distinction between particle size in sediments. The particle size percentages from all sample sites 
was plotted and compared on a ternary textural diagram of sand, silt, and clay provided by Folk 
(1954, 1980) and Lewis & McConchie (1994). 
 
2.3.3.1 Particle Size Relationship to Significant Elements  
 
 Elements detected by ICP-MS was plotted on a scatterplot correlation matrix in IBM’s 
SPSS™ against particle size such as sand, silt, and clay in order to determine any significant 
correlations. The correlation scatterplot matrix will measure the strength and direction that exists 
between variables being analyzed. The importance of finding any correlation between particle 
size and statistically significant elements detected by ICP-MS is to find if sand, silt, and/or clay 




between particle size and statistically significant elements. If a correlation is present between the 
two variables, a strong linear relationship will exist.  
 Using scatterplot correlation matrix, values for Pearson’s correlation coefficient will help 
to measure the association between the particle size and significant elements. Pearson’s 
correlation coefficient, denoted as “r”, will also provide information about the magnitude of the 
correlation as well as the direction of the relationship between the two variables. According to 
Pearson’s correlation coefficient, the values can range from +1 to -1, where +1 indicates a strong 
positive relationship whereas -1 defines a negative relationship and zero results as no linear 
relationship exists between variables. It is important to note when Pearson’s r is close to zero, 
there is a weak correlation between two variables where changes in one variable is not correlated 
with the changes in the second variable. Using Pearson’s r values will help to determine 
important correlations between particle size and significant elements tested in ICP-MS.  
 
2.3.4 Presence of Charcoal in Stream Sediment Samples  
 
Identifying the grain size in a stream sediment sample provides the best opportunity for 
recognizing geological, hydrological, and morphological processes as it can have a strong 
influence on interpreting the geochemistry of an area. This survey also seeks the presence of 
charcoal or any charred material that may reside in each stream, inside or outside the fire extent. 
Charcoal particles in sediments provide evidence of long-term fire history which is also relevant 
to the effects on the environment. The presence of charcoal is due to the incomplete combustion 
of biomass during wildfires. These fragments are incorporated in soils of the burn area, while 
other charcoal pieces can be carried away by wind or water that can settle down into lakes, 




The sediment samples collected from each of the five streams contained charcoal 
fragments. A total of 19 sediment samples were collected and analyzed under a microscope to 
find the presence of charcoal. The quantity of charcoal present in each sample was compared to a 
chart for estimating percentage composition provided by Terry and Chilingar (1955). Each 
sample that contained charcoal was noted and compared to Terry and Chilingar (1955) chart to 
determine a rough estimate percentage of charcoal present.   
 
2.3.5 Delineating Stream Order and Watershed Area  
 
A watershed is an area of land that channels rainfall and snowmelt to streams and rivers 
that eventually drains off into a body of water such as a lake. Watersheds can combine with other 
existing watersheds to form a network of streams and rivers that will outflow into larger bodies 
of water. Delineating watersheds can provide important information about surface water features 
and stormwater runoff within a watershed. It also considers the downstream impacts when 
analyzing from upstream watersheds. Watershed delineation will demonstrate differences 
between each stream site and analyze the properties of a specific area within the fire perimeter. 
The technology used in this analysis involves a digital elevation model (DEM), which is 
a digital representation of a topographic surface used to determine terrain attributes such as slope 
and elevation. Using DEM is beneficial to obtain topographic analysis, specifically delineating 
watersheds and stream networks in a specific area. In this research, DEM analysis was 
accomplished using GIS mapping on ESRI 2018 ArcMap™ 10.6.1 Desktop Advanced, which is 
used for conducting geospatial research. All datasets for DEM products were downloaded from 
the national map (TNM) on the United States Geological Survey (USGS) website and imported 




watersheds for each stream site, a 1-meter and 1/3 arc-second (approximately 10-meters) 
resolution data for the 16-Mile Fire area, were processed in ArcMap.  
In ArcMap, using the hydrology toolset under spatial analyst tools in catalog helped to 
remove any imperfections or fill in any sinks that may be present within the DEM to ensure 
proper delineation of watersheds. It is important to fill in sinks, which are cells whose flow 
direction cannot be assigned a valid value for flow direction raster. The flow direction and 
accumulation were determined under the hydrology toolset in order to find the direction of water 
movement along with accumulated flow to each downslope cell. Creating a pour point is 
assigned to the watershed outlet by generating shapefiles and choosing a specific pixel, which 
accumulates all the water within the surface area of the study area. All five stream sites were 
designated and then projected to correctly assign a coordinate system to follow before 
determining the watershed. The pour points and flow direction were inputted as a raster to create 
the watershed grid. Each watershed created is then converted from a raster to a polygon. The 
attribute table was then analyzed to add a new field (i.e., area_m2) stored under a specific range 
such as long integer in order to project it again. This allows calculating the geometry under 
attributes, which provides the shape area and properties of each desired watershed.  
  The watersheds obtained were then analyzed using the intersect tool under geoprocessing 
to calculate the geometric intersection of the watersheds inside versus outside the wildfire extent. 
It should be noted the same steps delineating the watershed and its area were also taken to 
analyze the 16-Mile Fire extent before calculating the geometric intersection. Doing this will 
determine how much of a watershed is directly inside the wildfire compared to the amount 
outside the burn area. The intersect tool is fundamental as it takes two separate feature classes 




 All five stream sites were intersected and then calculated for their specific watershed area 
in meters squared (m2). In GIS, the intersection of the watershed area with the area of the 16-
Mile Fire extent was determined. If a watershed area did not overlap the fire area extent, then the 
operation of intersecting or overlay will be empty. Once the intersected area was determined, the 
percentage of area intersected could be calculated and compared to the entire watershed. The 
percent of how much of each watershed intersection was burned from the 16-Mile Fire was also 
determined in GIS. Simple math was done by taking the intersected area and dividing by the 
watershed’s area then multiplying by 100 to achieve a percentage for each stream location.  
 Determining and classifying stream order is a similar process to delineating watershed 
area. There are several methods to determine stream network, however, Strahler’s stream 
ordering was followed for all sites. Strahler’s method describes river structure by designating 
unbranched tributaries as a first order and where two first-order streams join will create a second 
order segment (Hughes et al., 2011). Ordering streams with the Strahler’s method will 
characterize each tributary and determine any differences between all five stream sites. 
Understanding stream order is one of the most fundamental determinants of river ecosystem 
function and structure; therefore, following Strahler’s stream order method will help to classify 
stream assemblage in the 16-Mile Fire area (Hughes et al., 2011).  
 Using the DEM along with the previously calculated flow accumulation and direction, 
stream order can be calculated. Reiterating the major stages in watershed delineation, stream 
order also requires filling any pits in the DEM using the fill tool to ensure water can flow over a 
surface. Flow direction is computed which then allows the flow accumulation to be measured. 
From this, the stream network is used to perform the stream order and create a linear network for 




network. Furthermore, the grid code can be characterized through the attributes table under 
symbology to categorize each stream order number by changing the color and width. Labeling 
features were also applied to generate and visualize the ranking of each stream order. For this 
project, the watershed for each site was pictured to show the stream order within it. Moreover, an 
inset map was created on the same page as the main map to show the details and stream ordering 
within each watershed at a larger scale. 
It is important to note that the stream order is over-estimated in this research. This is due 
to combining topographic hollows with no real streams, normally not valued at “1” (G. Pope, 
2020, personal communication). In addition, due to the large number of 1st order streams present, 
it is possible that in GIS the area was very small which accounts for creating many 1st order 
streams. Streams such as BK_5, BK_7, and BK_12 were ranked as 6th and 7th order streams, 
which is an overestimation. For instance, the Hudson River is ranked as a 7th order stream and 
these tributaries are possibly 3rd or 4th order streams. It should be acknowledged that there is an 
over count in terms of minimal drainage area, thus creating a stream order overestimate. 
 
2.3.5.1 Significant Elements versus Percentage of Watershed Covered by the Fire   
 
 Delineating watershed area focused on defining each stream’s hydrologic 
characterization and this information will help to interpret ICP-MS results. This approach 
determines physical and chemical changes in watershed systems. Scatterplots on Microsoft Excel 
2020™ spreadsheet were used to illustrate any trends between statistically significant elements 
against the percent of watersheds burned from the wildfire. This is an attempt to show if the 
proportion of burned area in the watershed influences the amount of certain signature element. 
Theoretically, a watershed that has more burned area should contribute more burned sediment. 




will contribute a higher concentration of elements. Conversely, a larger watershed with higher 












Figure 2.2 A close up view of a severely burned tree bark with remaining charred vegetation still 






Figure 2.3 Total view of several charred and burned bark remains four years later since the 
wildfire. Ferns dominate the forest floor and continue to grow high amongst burned trees. Photos 












Figure 2.4 Map of the 16-Mile fire extent and surrounding area of the Delaware State Forest, 
PA. The stream sites that were sampled from are in different colored stars, total of five different 







Figure 2.5 The bedrock geology of the 16-Mile Fire (Darley, 2017; and Harper, 1999). The 16-







Figure 2.6 Topographic map showing a half a mile long tributary southwest of the fire with two 
wetlands attached at each end, Pine Swamp (inside burn) and High Swamp (outside burn). This 
stream was transected beginning at High Swamp and moving upstream to finish at Pine Swamp. 







Figure 2.7 View of the beaver dam at site 16MF_PS_8. A corer placed on tree branch for scale. 




Figure 2.8 View of the opening of the wetland, Pine Swamp. Burned and charred trees are 
noticeable. Coring in Pine Swamp, site 16MF_PS_10, was difficult due to submerged and 







Figure 2.9 A view of stream site BK_12 that is located outside the wildfire. A map in the middle pointing to the photo to show the 
location of the stream site, which lies on a tributary downstream from BK_5. Another photo on the right side shows a beaver dam 
behind the tributary. The beaver dam caused stagnat water and difficulty to collect sediment on that side of the stream. Photos by B. 








Figure 2.10 A view of stream site BK_5 (outside the fire) and BK_7 (inside the fire). A map in the middle pointing to the individual 
photos to show the location of each stream. Stream site BK_5 lies on the main branch of the Bushkill Creek located further upstream 







Figure 2.11 X-ray fluorescence spectroscopy (XRF) was performed on stream sediment samples 
using the Bruker™ Tracer 5g XRF Spectrometer laser for supplemental element analysis. All 19 
samples were individually placed in a SPEX™ SamplePrep Disposable XRF X-Cell™ Sample 
Cup with a thin window film covering the cell to serve as the sample window during analysis. 
The sample is flipped upside down in order for x-rays to radiate the sample causing excitation. 






Figure 2.12 A total of 9 different U.S.A Standard Sieve Series and the W.S. Tyler® RO-TAP 
RX-29 Sieve Shaker (60 Hertz) were utilized in the dry sieving process. A cover was placed on 
top of the sieves as well as a bottom pan to collect the finest particles. The sieves were 
assembled in an organized sequence from the larger (coarser) opening screen size on the top to 









Table 2.1 Description of all sampled sites showing stream measurements. The width, depth, and velocity of water was measured for 
all 19 sites. Stream site BK_5 was used as a control site. The (*) denotes site reference to Darley (2017) to compare soil and sediment 
samples. 
 
Stream Name  Site #* Sample ID  Date Surveyed  Latitude  Longitude  Fire Impact  Method  Width of Channel (m) Average Depth (cm) Velocity (m/s) Notes
High Swamp 2 16MF_HS_1  09/12/18 41°10'44.1"N 75°10'23.4"W unburned  core  4.6 48.7 0.07 opening of wetland
High Swamp 2 16MF_HS_2 09/12/18 41°10'44.2"N 75°10'23.4"W unburned  core  2.1 25.1 0.74 no sample taken
High Swamp 2 16MF_HS_3  09/12/18 41°10'44.9"N 75°10'22.8"W unburned  core  2.8 25.6 0.53
Pine Swamp 2 16MF_PS_4 09/12/18 41°10'44.7"N 75°10'20.9"W burned core  4.5 41.1 0.33
Pine Swamp 2 16MF_PS_5  09/12/18 41°10'46.0"N 75°10'20.7"W burned core  3.3 34.0 0.35
Pine Swamp 2 16MF_PS_6  09/12/18 41°10'47.1"N 75°10'20.2"W burned core  1.5 23.3 0.29
Pine Swamp 2 16MF_PS_7  09/12/18 41°10'47.5"N 75°10'20.1"W burned core  2.8 26.1 0.40
Pine Swamp 2 16MF_PS_8  09/12/18 41°10'47.7"N 75°10'19.8"W burned core  ‐ ‐ ‐ beaver dam 
Pine Swamp 2 16MF_PS_9  09/12/18 41°10'47.7"N 75°10'19.6"W burned core  ‐ ‐ ‐ behind beaver dam
Pine Swamp 2 16MF_PS_10  09/12/18 41°10'49.8"N 75°10'19.5"W burned core  ‐ ‐ ‐ opening of wetland
Bushkill Creek 5 16MF_BK_5_1 08/22/19 41°14'37.9"N 75°05'52.1"W unburned  trowel  11.8 20.3 ‐ No flow
Bushkill Creek 5 16MF_BK_5_2 08/22/19 41°14'37.6"N 75°05'52.2"W unburned  trowel  14.3 34.2 ‐ No flow
Bushkill Creek 5 16MF_BK_5_3 08/22/19 41°14'36.5"N 75°05'57.6"W unburned  trowel  5.7 15.7 0.61 Further downstream
Bushkill Creek 7 16MF_BK_7_1 08/22/19 41°12'36.5"N 75°07'31.4"W burned trowel  10.9 17.5 1.07
Bushkill Creek 7 16MF_BK_7_2 08/22/19 41°12'36.9"N 75°07'31.1"W burned trowel  16.1 19.1 0.63
Bushkill Creek 7 16MF_BK_7_2_2 08/22/19 41°12'36.3"N 75°07'31.6"W burned trowel  16.9 16.5 0.47
Bushkill Creek 7 16MF_BK_7_3 08/22/19 41°12'36.0"N 75°07'32.0"W burned trowel  18.6 14.2 0.19
Bushkill Creek 12 16MF_BK_12_1 08/22/19 41°13'59.2"N 75°06'29.1"W unburned  trowel  4.5 19.8 ‐ beaver dam present
Bushkill Creek 12 16MF_BK_12_2 08/22/19 41°13'59.8"N 75°06'29.7"W unburned  trowel  11.9 37.5 ‐ No flow





Table 2.2 The U.S. Geological Survey (USGS) and National Institute of Standards and 
Technology (NIST) geochemical reference standards. These ten standards were utilized during 
ICP-MS run, which was previously prepared and used by M. Flood (2019). These standards are 





DNC-1 North Carolina Dolerite 
RGM-1 California Rhyolite 
AGV-2 Oregon Andesite 
G-2 Rhode Island Granite 
QLO-1 Oregon  Quartz Latite  
BIR-1 Iceland Basalt  
W-2 Virginia Diabase 
GSP-2 Colorado Granodiorite 
San Joaquin Soil-2  California Agricultural Soil 












Table 2.3 The sieves used during particle size analysis. Sieve numbers and the particle sizes 
according to mesh opening (in millimeters and inches) are provided for further understanding. 
The descending order according to opening screen size was used in the dry sieving process.  
 
Sieve Number  Sieve Opening Size (mm) Sieve Opening Size (in) 
4 4.75 0.1870 
6 3.327 0.1320 
12 1.70 0.0661 
20 0.833 0.0331 
30 0.600 0.0234 
50 0.300 0.0117 
70 0.212 0.0083 
100 0.150 0.0059 
120 0.125 0.0049 
Bottom Pan <0.125 <0.0049 
 
Table 2.4 Sieve numbers and the sieve opening size were used to determine the presence of silt 
and clay particles. Samples from the bottom pan in the previous dry sieving process were taken 
to investigate silt and clay particles in each stream sediment sample.  
 
Sieve Number Sieve Opening Size (mm) Sieve Opening Size (in) 
200 0.0736 0.0029 
325 0.0431 0.0017 








Since the wildfire in 2016, Darley (2017) discovered the presence of fire signatures in soil 
samples within the burned areas as well as few in the unburned sites. One specific site Darley 
(2017) mention is site 5 (BK_5 for stream sediments), which shows greater element 
concentrations in unburned soil samples. Similarly, BK_5 is an outside site that is also showing 
higher element concentrations compared to the other streams. The most interesting outcomes of 
the research presented here are: 1) some data contradict Darley (2017), namely, signature 
elements are less common within the burned areas, and 2) fire signature element concentrations 
are still present in stream environments four years after the wildfire. All sites, within the fire and 
outside the fire, contained noticeable charcoal and charred material in each sample.  
 
3.1 Particle Size Analysis of Stream Sediment 
The objectives of particle size analysis are to characterize the five streams based on sediment 
size distribution and determine the presence of clay minerals, to which trace and major elements 
can adhere. The particle size distribution was plotted on a textural ternary diagram (Folk, 1954, 
1980; and Lewis & McConchie, 1994) to represent the modal size of sediment in each sampled 
site. Results showed the majority of all five stream sites, inside and outside the fire, plotted as 
silty sand (zS). Data shows a range for inside and outside the fire from about 20 to 50% silt 
within the Silty Sand category (Figures 3.1 and 3.2). Inside the fire showed slightly higher sand 
percent range from about 50 to 80% whereas outside the burn demonstrated 50 to 70%. The 
range for clay particles ranged from 5 to 15% for both inside and outside the fire stream sites. 
Both wetland swamps, High and Pine Swamp, demonstrated different results such as sample site 




findings were generally consistent across the samples, with silty-sand conditions dominating the 
stream sediments.   
 
3.1.1 Presence of Charcoal within Stream Sediments  
 
 An important and unexpected result from analyzing particle size is finding charcoal 
and/or charred rock pieces within all 19 stream sediment samples (Figure 3.3). As previously 
mentioned in section 3.1, analyzing stream sediments with charcoal pieces present four years 
after the fire in both burned and unburned samples is important to measure. Quantitative 
estimates of charcoal in sediments may be based on a count using microscopy or can be 
accomplished through a quick visual assessment using a graphic percentage chart (Terry and 
Chilingar, 1955) for estimating charcoal proportion in sediments. Charcoal pieces ranged from 5 
to 15% of all particles within the sediment samples. For instance, site 16MF_BK_7 shows fewer 
amounts of charcoal pieces, about 5% (Figure 3.3). The presence of charcoal is a major 
discovery for the 16-Mile Fire sediment research.  
 
3.2 Stream Order and Watershed Delineation  
 
3.2.1 Delineating the Watersheds 
 
The 16-Mile Fire burned about 32.5 km2 of the Delaware State Forest. This fire impacts the 
rivers and streams that flow within the 16-Mile Fire perimeter. Stream order and watershed 
delineation was important to assess for the 16-Mile Fire as it helps to characterize each stream as 
well as analyze their watersheds. The digital elevation model (DEM) used on geographic 
information system analysis was done to determine the area and stream network of the sub-
basins of the Middle Delaware-Mongaup Brodhead Watershed that lies within the 16-Mile Fire 




area. The largest watershed is 93.82 km2 at stream site BK_5 and the smallest watershed is 1.21 
km2 at Pine Swamp. The area of the sub-basins BK_7, BK_12, and High Swamp is shown in 
(Table 3.1).  
The tributaries sampled for this project are along the Big Bushkill Creek where it lies in the 
center of the fire extent. The forested wetlands both intersected areas within the wildfire (Figure 
3.4). High Swamp showed a slightly larger watershed and intersected area 89.24% covered by 
the fire. The other three tributaries, sites BK_7, BK_5, and BK_12, showed larger watershed 
area compared to the wetlands (Figure 3.5). Stream site BK_7, within the fire, intersected the 
wildfire about 3.86% whereas outside the fire at stream site BK_12 overlapped the 16-Mile Fire 
showing a 1.95% intersection. One out of five streams did not overlap the wildfire, which was 
site BK_5 (Figure 3.6).  
 
3.2.2 Stream Order 
 
 Within a watershed, a complex system of streams come together to form larger ones 
creating a natural organized arrangement. The concept of stream order follows Strahler’s method 
that classifies the first order to be the outermost tributary and if two streams of the same order 
merge, it results in a number that is one higher. The results of the stream order in the tributaries 
sampled inside and outside the 16-Mile Fire show the seventh order to be the highest. All five 
watersheds showed different stream order ranks, however, there were many first order streams 
throughout the area. The forested wetlands show a simple stream network with the fourth order 
to be the highest (Figure 3.7). Pine and High Swamps are located on a fourth order stream with 
first and second-order tributaries attached. The wetlands compared to the other stream sites show 
a lower stream order system, which is likely due to wetlands are headwaters that are feeding into 




 Further outside the fire, BK_5 showed a stream network that ranged from first to seventh 
order (Figure 3.8). Considering the large watershed area, its stream network was expected to 
have higher order streams. Site BK_5 is on a seventh order stream that is created from combined 
sixth order streams. Similarly, site BK_7 lies on a seventh-order stream, further downstream 
from BK_5 but inside the fire extent (Figure 3.9). Site BK_7 contains the largest watershed area, 
thus having several stream networks within the catchment. Stream site BK_12, located outside 
the fire and downstream from BK_5, its watershed begins on a sixth order stream that extends 
from a seventh order tributary. This tributary, BK_12, is formed from two fifth-order streams 
combined, which is attached to the seventh order stream that BK_5 lies on (Figure 3.10). 
Observing stream network defines the characteristics of each tributary that were sampled as it 
relates to the area of its watershed.  
 
3.3 Stream Sediment Geochemistry of Major Elements 
 
The reported results of major element data by ICP-MS for all of the sites and control 
sample are reported in normalized weight percent (Table 3.2). Silica and aluminum oxide 
contributed the greatest proportions of major oxides in all sites, including inside and outside the 
fire area. Each sample had noticeable concentration in SiO2 ranging from 76.91 to 88.01 weight 
percent in site 16MF_PS and 16MF_BK_7, located inside the fire area. Samples outside the 
wildfire extent tended to have similar SiO2 content ranging from 72.08 to 87.35 weight percent 
in sites 16MF_HS, 16MF_BK_12, and in the control site 16MF_BK_5. The data for SiO2 in all 
sampled sites, unburned and burned area, should be expected in streams as SiO2 naturally exists 
in soil minerals and can be deposited from sediment processes. Pie charts were created to 
compare the proportions of data between each major oxide concentrations for inside and outside 




prominent major oxide followed by Al2O3 (Figures 3.11). In an ANOVA analysis, SiO2 was 
statistically significant comparing inside versus outside the fire (p<0.005).  
Al2O3 showed a high percent weight range inside the wildfire area in sites 16MF_PS and 
16MF_BK_7; whereas, outside the fire extent has a slightly lower content. However, the control 
site at 16MF_BK_5 demonstrated the highest Al2O3 concentration at 13.99 weight percent, 
located outside the wildfire. Comparing to the other outside stream sediment samples, BK_5 
contained higher amounts of clay concentrations of major and trace element. Aluminum is 
mainly found in most rocks, clay minerals, and certain plants can accumulate high concentrations 
of Al, however, too much of this element can cause toxicity in an environment. Moreover, Al2O3 
showed statistically significant differences (p< 0.05) between inside and outside the fire streams. 
The box plots for Al2O3 appeared to be similar in terms of the median and range (Figure 3.12). 
Inside the fire displayed a higher median, however, overall both box plots for Al2O3 show 
statistical data set is normally distributed or skewed. A Tukey’s (HSD) post hoc test shows Al2O3 
to have statistically significant difference between the control and outside the fire group (p< 
0.005). Statistically significant differences also existed between the inside and outside group for 
aluminum oxide (p<0.05). However, there were no differences between the control and inside 
group (𝜌=0.397). 
Iron oxide, Fe2O3, in unburned stream sediment samples showed a range varying from 
1.16 to 7.81 weight percent, which is a similar trend seen in the samples from burned areas, 
although some burn samples have lower weight percent. Iron content is naturally occurring in 
surface soils and typically originating from rock forming minerals, thus expected to be seen in 
stream sediments. Differences in Fe2O3 were statistically significant (p<0.005) and results from 




(Figure 3.13). The box plot for Fe2O3 also shows a positive skew. A Tukey’s (HSD) post hoc test 
showed Fe2O3 to have statistically significant difference between the control and outside the fire 
group as well as control and inside the fire group (p<0.005). There were no statistically 
significant differences between the outside and inside group (𝜌=0.815). 
All other major oxides such as TiO2, MnO, MgO, CaO, Na2O, K2O, and P2O5 have 
relatively the same weight percent range from 0.01 to 2.72 showing less variation existing 
throughout all of the burned and unburned samples. Of these other major elements, only MnO, 
K2O, and P2O5 tested statistically significant differences comparing inside versus outside the fire 
streams (p<0.05). Darley (2017) results for major oxides showed CaO and MnO were found at 
higher concentrations within the fire extent and were statistically significant (p<0.05). In 
addition, Darley (2017) tested CaO peaks ranged from 1.23 to 20.53 weight percent and seen in 
all the burned soil sites. Conversely, CaO samples from burned areas ranged from 0.04 to 0.35 
normalized percent weight; whereas, unburned stream sediment samples have an average 
normalized weight percent of 0.02 to 0.43, which is relatively similar. Outside the fire, MnO 
samples have an average normalized weight percent of 0.04 with the highest weight percent of 
2.72 in sample site 16MF_BK_5_2, which compared to burned samples showed similar range of 
0.01 to 2.25 normalized percent weight. A Tukey’s (HSD) post hoc test showed MnO no 
significance between the three groups which suggest a lack of statistical power due to the 
unevenness of how many sites are within each group.  
Major element concentrations among the two wetlands, High Swamp and Pine Swamp, 
showed similar concentrations in SiO2, Fe2O3, and Al2O3. High Swamp, identified as site 
16MF_HS_1, located outside the fire extent, contained the highest SiO2 concentration of 87.35 




identified as site 16MF_PS_10, SiO2 normalized percent weight of 80.92. Among other major 
oxides, both wetlands show consistent concentrations within their samples.  
 
3.4 Stream Sediment Geochemistry of Trace Elements 
 
Trace element data are reported in parts per million (ppm) for all stream sediment samples 
inside and outside the 16-Mile Fire (Table 3.3). Several trace elements showed low 
concentrations < 20 ppm, yet few elements demonstrated noticeably higher concentrations 
among sites. Trace elements such as V, Co, Ni, Cu, Rb, Sr, Zr, and Ba contained higher 
concentrations and are found both outside and inside the wildfire. All trace elements except for 
Ni and Zr were shown to be statistically significant in differentiating inside versus outside the 
fire stream sites (p<0.05).  
Trace elements Sc, Cs, Ta, Pb, Th, and U had very low concentrations that ranged between 0 
to 10 ppm. Among these low concentrated elements, only Pb showed the highest amount for 
outside the fire with 16MF_BK_5 resulting the maximum concentration. Other elements such as 
V, Cr, Co, Ni, Zn, Ga, Rb, Sr, Y, Nb, and Hf had moderate concentrations that ranged from 10 to 
100 ppm among each sediment sample site. Among these trace elements, Zn shows the highest 
amount for both inside and outside the fire. Samples from 16MF_BK_5 are showing higher 
concentrations compared to sediment samples in the fire burn.  
Cu, Zr, and Ba (Figure 3.14) had the highest concentration of the trace elements. Zr showed a 
prominent concentration in all samples, but with an average of 841 ppm outside the wildfire and 
476 ppm inside the burned area. No statistically significant differences existed for Zr (𝜌=0.213) 
with a Tukey’s test verifying the results among the control, inside, and outside groups. Inside and 
outside the fire also showed a similar trend with Ba, having the second highest element 




ppm, which is the greatest concentration out of all elements and among samples, including inside 
the wildfire extent. Since 16MF_PS and 16MF_HS are very close, yet not connected, Zr 
concentrations show an interesting trend. Both wetland sites show a descending element 
concentrations compared to other streams. Sampled sediments inside the wildfire as well as 
outside the burn area show a very similar trend with both elements, Zr and Ba.  
Elements that resulted the highest concentration between sites and showed statistically 
significant differences between inside and outside the fire were further analyzed. V, Co, Cu, Rb, 
Sr, and Ba tested statistically significant (p<0.05). Trace element Ba demonstrated high 
concentrations and were statistically significant (p<0.05) and a Tukey’s test showing inside and 
outside were statistically different (𝜌=0.057). Box plots for Ba concentrations showed outside 
the fire to have a greater range compared to inside the burn extent (Figure 3.15). Ba 
concentrations show a similar trend outside the fire as well, where site 16MF_BK_5_2 had the 
highest concentration of 1889 ppm. Moving inside the wildfire, Ba concentrations at sample site 
16MF_BK_7_3 have the highest amongst all burned samples with 1447 ppm, somewhat close to 
outside the fire. Barium concentrations seem relatively the same with no trend in 16MF_HS and 
16MF_PS streams.  
There were statistically significant differences in Cu between groups; however, the Tukey’s 
HSD post hoc test showed no statistically differences between inside and outside group 
(𝜌=0.788). Box plots of Cu concentrations showed outside the fire to have a higher median and 
overall value distribution compared to inside the fire (Figure 3.16). Cu concentrations within site 
16MF_BK_5 are the highest among all sampled sites, especially compared to inside the wildfire 
streams. However, to compare results inside the wildfire, all four samples in site 16MF_BK_7 




sample sites showed the lowest Cu concentrations that averaged < 10 ppm. Darley (2017) 
reported Cu concentrations higher in the burned soil samples, averaging 29 ppm, whereas 18 
ppm in the unburned samples. Stream sediment samples showed opposite results of Cu 
concentrations higher outside the fire, 713 ppm, whereas 475.66 ppm inside the burn area, 
specifically in site 16MF_BK_7.  
Other trace elements such as V, Co, Rb, and Sr showed high concentrations and were 
statistically significant in difference (p<0.05) (Table 3.4). Tukey’s test showed statistically 
significant differences between control and inside as well as control and outside (p<0.005) 
(Table 3.5). V, Co, Rb, and Sr did not show statistically significant differences between group 
means of inside and outside the fire (p>0.005 among these elements). Co concentrations showed 
outside the fire to have a higher value distribution whereas inside the wildfire is noticeably lower 
(Figure 3.17). The distribution for Rb outside the wildfire had a noticeably larger range, 
however, the median is very similar to inside the burn which suggests that the underlying 
distribution is rather symmetric and overlapping. The extreme outlier of Rb, closed circle, was 
located at Pine Swamp containing the highest data value for the burned samples (Figure 3.18).  
Sr showed similar results to Rb, observing a larger distribution outside the fire. Inside the 
wildfire, the extreme outlier in the lower quartile is sample 16MF_7_2 (Figure 3.19). V 
demonstrates similar results to Sr by having an extreme outlier in the lower quartile for inside the 
wildfire while having a larger distribution outside the fire (Figure 3.20). The box plot for V also 
displays equal proportions around the median, meaning the distribution is normal or symmetric. 







3.4.1 Rare Earth Elements (REE’s) Concentrations  
 
Rare earth elements (REE’s) are comprised of 14 elements that are a group found in the 
lanthanide series, seen on the first row on the bottom of the periodic table. The REE’s share 
similar physiochemical properties and often occur together as element constituents (Davranche et 
al., 2017). Rare earth elements (REE’s) lanthanum (La), cerium (Ce), praseodymium (Pr), 
neodymium (Nd), samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium 
(Dy), holmium (Hm), erbium (Er), thulium (Tm), ytterbium (Yb) and lutetium (Lu) were plotted 
between inside and outside the wildfire area to show differences (Figure 3.21 and Table 3.6). 
Among these 14 elements, only Dy, Ho, Er, Yb, and Lu were significantly different (p<0.05). 
Tukey’s post hoc test showed only control and inside means group were statistically significant 
(p<0.05).  
The REE’s show a similar trend between inside the fire and outside the fire, however, all 
sites demonstrate higher values in La, Ce, Pr, Nd, and Sm, Eu, and Gd, which are referred to as 
light elements due to their low atomic number. Heavy rare earth elements Tb, Dy, Ho, Er, Tm, 
Yb, and Lu in all sites are reported less than 20 ppm. Inside the fire, REE’s were noticeably 
higher in stream site 16MF_BK_7 compared to Pine Swamp. Samples in site 16MF_BK_7 show 
the highest values were in the light REE’s of La, Ce, Pr, Nd, and Sm. Site 16MF_PS shows an 
interesting trend of having higher concentrations in the wetland area (sample 16MF_PS_10) 
among all the REE’s.  
The light REE’s outside the wildfire shows slightly higher concentrations compared to inside 
the fire but were not statistically significant (p>0.05). Although sample 16MF_BK_12_1 appears 
to have highest concentrations in light REE’s, it also shows to have the lowest in the same stream 




concentrations amongst all 14 REE’s to site 16MF_HS_1. Overall, outside the burn stream sites 
show a higher concentration amongst all REE’s compared to inside the wildfire streams, which 
follows the similar trend seen with the major and trace elements.  
 
3.5 X-ray fluorescence spectroscopy (XRF)  
 
X-ray fluorescence spectroscopy (XRF) provided different results to the stream sediment 
geochemistry of trace and major elements. Analyzing the major and trace elements provided by 
XRF will help to compare element concentrations to ICP-MS results as well as interpret 
sediment chemistry. Majority of the elements analyzed by XRF that were seen in ICP-MS data 
showed a different trend while confirming few certain element results to stream sediment 
geochemistry. The XRF analysis was used in this project to (1) compare element concentrations 
to ICP-MS; (2) analyze new elements in XRF that were not detected with ICP-MS; and (3) 
determine if XRF is a reliable tool while using ICP-MS. Using an alternative analytical 
technique such as the XRF while analyzing element concentrations with ICP-MS helped to better 
understand the results with two sets of data that tests similar elements. 
 
3.5.1 Geochemistry of Major Oxides and Trace Elements from XRF Compared to ICP-MS 
 
 XRF data shows few similarities yet many differences with ICP-MS data. ICP-MS 
analyzes ten major oxides while XRF determines four major oxide elements. Major oxides show 
similar results with SiO2 having the greatest concentration for inside an outside the fire samples 
(Figure 3.22). Al2O3 is also shown to have high concentrations for inside and outside the fire 
samples, which was similar to ICP-MS. However, comparing inside to outside the fire sediment 
samples show inconsistent trends for XRF. For instance, inside the fire shows high 




concentrations. ICP-MS provides a consistent trend of high major oxide concentrations for 
outside the fire samples while XRF shows mixed results.  
 Comparing trace element data between ICP-MS and XRF also shows inconsistent trends. 
Trace elements such as S, Ca, Fe, and Mn (Figure 3.23) show the highest concentrations for 
XRF, which is different from ICP-MS as Ba, Cu, and Zr contributed the greatest proportions of 
trace elements in all sites. Only three elements were detected by XRF and not with ICP such as 
As, S, and Se. Results for As shows close element concentrations between inside and outside the 
fire samples. The XRF did not detect any concentration values for Se and S showed high 
concentrations for Pine and High Swamp. Although XRF provided three new elements, it does 
not show enough supporting evidence to compare inside to outside the fire samples.  
An important result to take from XRF is to compare Fe and S relationship as it shows 
high concentrations for Pine and High Swamp. However, the overall data for XRF shows 
unreliable results and inconsistent trends compared to ICP-MS. The major oxides and trace 
elements shared between both methods are correlated to confirm these differences.  
 
3.5.2 ICP-MS and XRF Correlations  
 
 The XRF analyzed four major oxides and 22 trace elements, whereas ICP-MS tested ten 
major and 20 trace elements along with 14 REE’s. Both analytical methods share 14 trace 
elements in common such as Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Ba, Pb, Th, and U along with 
four major oxides that includes MgO, Al2O3, SiO2, and K2O. There were several trace elements 
that ICP-MS analyzed that XRF did not: Sc, V, Nb, Cs, Hf, and Ta. It should also be noted that 
several XRF trace elements such as P, Ca, Ti, Mn, and Fe are present in ICP-MS but as major 
oxides. Therefore, only three elements were detected by XRF and not visible with ICP-MS: As, 




will help streamline to summarize where the results are comparable or depart from one another. 
Furthermore, comparing and differentiating between the two analytical techniques will also show 
if XRF is reliable compared to ICP-MS for analyzing element concentrations.  
 Multiple scatterplots were made to compare element concentrations analyzed by both 
methods to illustrate any correlation.  Results show for major oxides only K2O had a strong 
correlation between both methods (r=0.871) (Figure 3.24). An ANOVA analysis showed there 
were no statistically significant differences between inside and outside the fire for XRF on K2O 
(𝜌=0.359), whereas ICP-MS resulted to be statistically significant (p<0.005). Other major oxides 
such as SiO2, Al2O3, and MgO have a positive correlation (R2<0.50 for each oxide).  
 Results for Ni has a negative correlation between both methods while Ga, Cr, and Zn 
shows a weak positive correlation (Figure 3.25). Trace element Rb illustrates a moderate 
correlation between ICP-MS and XRF (r=0.681, p<0.005). Other elements shared between both 
methods, Sr, Zr, Rb, Y, and Ba show similar results. Significant positive correlation existed for 
Sr among XRF and ICP-MS for all group means (r=0.565, p<0.005) (Figure 3.26). Another 
significant positive correlation also existed in Ba for both methods among all group means 
(r=0.697, p<0.005).  
The remaining elements Y and Zr shows no correlation while Pb illustrates a weak positive 
correlation. It is important to note that three elements, Co, Th, and U were not graphed due to no 
detection by XRF analysis; however, ICP-MS does analyze minor concentrations present. For 
instance, XRF detects an 11 ppm concentration for trace element U whereas ICP-MS ranges 
from 1 to 5 ppm. Moreover, Co was not detected by XRF, yet ICP-MS does detect 
concentrations which could be spurious results. As ICP-MS is detecting trace amounts of 




for reliable data information is important as both methods are useful for field and lab work; 
however, only one should be used for geochemical analysis.  
 
3.6 Significant Elements versus Percentage of Watershed Covered by the Fire   
 
 Analyzing stream order and watershed delineation helped to further examine what is 
occurring with the fire signatures within the stream’s watersheds. Results from section 3.2.1 
concluded that only four streams intersected with the 16-Mile Fire while the control site, 
16MF_BK_5, did not overlap with the burned area. Statistically significant major and trace 
elements analyzed by ICP-MS were plotted against the percent of a watershed area burned from 
the wildfire on a scatterplot to illustrate any correlations. This was done to determine if the 
intersected watersheds contributed fire signature elements in stream sediments. It was 
hypothesized that a watershed that has more burned area should contribute more burned 
sediment, however, results indicate otherwise.  
 A scatterplot graph comparing the statistically significant major oxide elements against 
the amount of watershed area burned from the 16-Mile Fire is shown in Figure 3.27. Major oxide 
Fe2O3 declines with increasing watershed area burned, which seems contradictory as a higher 
burned watershed should contribute more iron concentrations. Similarly, statistically significant 
trace elements such as Cu, Sr, and Ba show decreases with increasing watershed area burned 
(Figure 3.28).  
 Other statistically significant trace elements such as V, Cr, Co, and Rb results a similar 
pattern to Cu, Sr, and Ba. Figure 3.29 shows a large decrease for Co at 89.11% while V, Cr, and 
Rb demonstrate a slight decline. It is important to note that the watershed above 16MF_BK_5 
did not intersect the wildfire area. Though overlapping with the 16-Mile Fire area, 16MF_BK_5 




Table 3.1 Watershed delineation, showing the intersection area between watershed and burned 
area. The watershed for each site is the area of the watershed upstream from the sample location. 
The percentage represents how much of the watershed intersected area was burned from the fire. 
 
16‐Mile Fire Area Stream Site ID Watershed Area (km2) Intersected Area (km2) Percentage (%)
High Swamp (HS) 1.282 km2 1.144 km2 89.24
Pine Swamp (PS) 1.212 km2 1.080 km2 89.11


















Sample ID Stream Site # Fire Impact SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5
16MF_HS_1 High Swamp 2 Unburned 87.35 0.54 8.96 1.16 0.04 0.19 0.02 0.81 0.80 0.10
16MF_HS_3 High Swamp 2 Unburned 80.10 0.83 12.43 2.88 0.26 0.49 0.26 1.03 1.47 0.24
16MF_PS_4 Pine Swamp 2 Burned 82.01 0.80 12.81 1.34 0.02 0.33 0.12 1.02 1.33 0.21
16MF_PS_5 Pine Swamp 2 Burned 81.72 0.79 12.77 1.52 0.03 0.29 0.26 1.16 1.25 0.19
16MF_PS_6 Pine Swamp 2 Burned 88.01 0.50 8.76 0.82 0.01 0.17 0.05 0.79 0.90 0.09
16MF_PS_7 Pine Swamp 2 Burned 84.93 0.60 10.68 1.25 0.10 0.22 0.09 0.86 1.10 0.16
16MF_PS_8 Pine Swamp 2 Burned 81.31 0.68 13.36 1.40 0.03 0.33 0.35 0.98 1.28 0.28
16MF_PS_9 Pine Swamp 2 Burned 84.24 0.62 11.44 1.02 0.02 0.25 0.24 0.89 1.11 0.15
16MF_PS_10 Pine Swamp 2 Burned 80.92 0.77 13.53 1.31 0.01 0.39 0.15 0.98 1.74 0.19
16MF_BK_5_1 Bushkill Creek 5 Unburned 72.08 0.96 13.99 6.74 0.30 1.19 0.43 1.08 2.72 0.51
16MF_BK_5_2 Bushkill Creek 5 Unburned 72.40 0.91 12.51 6.85 2.72 0.89 0.11 1.01 2.28 0.33
16MF_BK_5_3 Bushkill Creek 5 Unburned 73.78 0.90 12.15 7.81 1.40 0.76 0.07 0.99 1.97 0.32
16MF_BK_7_1 Bushkill Creek 7 Burned 76.91 0.90 11.49 5.50 1.42 0.76 0.05 1.14 1.68 0.25
16MF_BK_7_2 Bushkill Creek 7 Burned 79.25 0.86 12.02 4.15 0.74 0.62 0.23 1.04 1.36 0.17
16MF_BK_7_2_2 Bushkill Creek 7 Burned 82.74 0.74 9.16 3.81 1.17 0.51 0.17 0.84 1.05 0.12
16MF_BK_7_3 Bushkill Creek 7 Burned 81.26 0.69 9.47 3.62 2.26 0.56 0.13 0.81 1.29 0.13
16MF_BK_12_1 Bushkill Creek 12 Unburned 87.35 1.01 7.76 1.88 0.38 0.31 0.21 0.74 0.71 0.08
16MF_BK_12_2 Bushkill Creek 12 Unburned 87.17 0.64 7.60 1.82 1.15 0.28 0.19 0.74 0.72 0.06





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 3.4 Results of analysis of variance (ANOVA) for ICP-MS element concentrations 
comparing 3 groups; inside the fire, outside the fire, and the control site (BK_5). ANOVA results 











Sum of Squares df Mean Squares F Sig. 
Between Groups 324.75 2 162.375 20.327 0.000
Within Groups 127.812 16 7.988
Total 452.562 18
Between Groups 30.221 2 15.11 5.259 0.018
Within Groups 45.976 16 2.874
Total 76.197 18
Between Groups 61.992 2 30.996 17.622 0.000
Within Groups 28.143 16 1.759
Total 90.136 18
Between Groups 4.987 2 2.493 10.608 0.001
Within Groups 3.761 16 0.235
Total 8.748 18
Between Groups 2294.106 2 1147.053 6.081 0.011
Within Groups 3018.004 16 188.625
Total 5312.11 18
Between Groups 818.189 2 409.094 8.812 0.003
Within Groups 742.766 16 46.423
Total 1560.954 18
Between Groups 734111.723 2 367055.862 18.747 0.000
Within Groups 313279.121 16 19579.945
Total 1047390.844 18
Between Groups 4900.987 2 2450.494 16.624 0.000
Within Groups 2358.581 16 147.411
Total 7259.568 18
Between Groups 1977.996 2 988.998 9.227 0.002
Within Groups 1714.9 16 107.181
Total 3692.896 18
Between Groups 1514945.623 2 757472.812 4.723 0.024
















Table 3.5 An analysis of the Tukey’s Honest Significant Difference (HSD) for ICP-MS element 
concentrations comparing 3 groups; inside the fire, outside the fire, and the control site (BK_5). 
Tukey’s HSD test shows the relationship between the 3 groups and the diverse results for p-
value. Results for inside group compared to control group show statistically significant 
differences for SiO2, Fe2O3, V, Co, Cu, Rb, Sr, and Ba (p<0.05). Results do not show any 
statistically significant differences for inside group to outside group. The (*) denotes the mean 
difference is significant at the 0.05 level. 
 
(I) Burn (J) Burn Mean Difference (I‐J) Std. Error Sig.  Lower Bound Upper Bound
Inside ‐9.36439
* 1.84091 0.000 ‐14.1146 ‐4.6142
Outside ‐13.01827
* 2.06407 0.000 ‐18.3443 ‐7.6923
Control 9.36439
* 1.84091 0.000 4.6142 14.1146
Outside ‐3.65387 1.52442 0.071 ‐7.5874 0.2796
Control 13.01827
* 2.06407 0.000 7.6923 18.3443
Inside 3.65387 1.52442 0.071 ‐0.2796 7.5874
Inside 1.47336 1.10411 0.397 ‐1.3756 4.3223
Outside 3.76800
* 1.23796 0.002 0.5737 6.9623
Control ‐1.47336 1.10411 0.397 ‐4.3223 1.3756
Outside 2.29464 0.91429 0.057 ‐0.0645 4.6538
Control ‐3.76800
* 1.23796 0.02 ‐6.9623 ‐0.5737
Inside ‐2.29464 0.91429 0.057 ‐4.6538 0.0645
Inside 4.79012* 0.86384 0.000 2.5611 7.0191
Outside 5.22867* 0.96856 0.000 2.7295 7.7279
Control ‐4.79012 0.86384 0.000 ‐7.0191 ‐2.5611
Outside 0.43855 0.71533 0.815 ‐1.4072 2.2843
Control ‐5.22867 0.96856 0.000 ‐7.7279 ‐2.7295
Inside ‐0.43855 0.71533 0.815 ‐2.2843 1.4072
Inside 0.94524 0.50807 0.182 ‐0.3657 2.2562
Outside 1.09473 0.56965 0.165 ‐0.3752 2.5646
Control ‐0.94524 0.50807 0.182 ‐2.2562 0.3657
Outside 0.14949 0.42072 0.933 ‐0.9361 1.2351
Control ‐1.09473 0.56965 0.165 ‐2.5646 0.3752
Inside ‐0.14949 0.42072 0.933 ‐1.2351 0.9361
Inside 28.59424
* 8.94555 0.015 5.5118 51.6767
Outside 32.44533
* 10.02996 0.014 6.5647 58.326
Control ‐28.59424
* 8.94555 0.015 ‐51.6767 ‐5.5118
Outside 3.85109 7.40762 0.863 ‐15.263 22.9652
Control ‐32.44533
* 10.02996 0.014 ‐58.326 ‐6.5647
Inside ‐3.85109 7.40762 0.863 ‐22.9652 15.263
Inside 18.07152
* 4.43785 0.002 6.6204 29.5226
Outside 17.82333* 4.97583 0.007 4.9841 30.6626
Control ‐18.07152* 4.43785 0.002 ‐29.5226 ‐6.6204
Outside ‐0.24818 3.67489 0.997 ‐9.7306 9.2343
Control ‐17.82333
* 4.97583 0.007 ‐30.6626 ‐4.9841
Inside 0.24818 3.67489 0.997 ‐9.2343 9.7306
Inside 520.27333
* 91.14079 0.000 285.0999 755.4467
Outside 570.26733
* 102.18922 0.000 306.5853 833.9493
Control ‐520.27333
* 91.14079 0.000 ‐755.4467 ‐285.0999
Outside 49.994 75.47174 0.788 ‐144.7481 244.7361
Control ‐570.26733
* 102.18922 0.000 ‐833.9493 ‐306.5853
Inside ‐49.994 75.47174 0.788 ‐244.7361 144.7481
Inside 37.82636
* 7.90811 0.001 17.4208 58.2319
Outside 50.08800
* 8.86676 0.000 27.2088 72.9672
Control ‐37.82636
* 7.90811 0.001 ‐58.2319 ‐17.4208
Outside 12.26164 6.54853 0.179 ‐4.6357 29.159
Control ‐50.08800
* 8.86676 0.000 ‐72.9672 ‐27.2088
Inside ‐12.26164 6.54853 0.179 ‐29.159 4.6357
Inside 24.90909
* 6.74321 0.005 7.5094 42.3088
Outside 31.40000
* 7.56064 0.002 11.891 50.909
Control ‐24.90909
* 6.74321 0.005 ‐42.3088 ‐7.5094
Outside 6.49091 5.58391 0.491 ‐7.9174 20.8992
Control ‐31.40000
* 7.56064 0.002 ‐50.909 ‐11.891
Inside ‐6.49091 5.58391 0.491 ‐20.8992 7.9174
Inside 752.12152
* 260.842 0.028 79.0628 1425.1802
Outside 812.93333
* 292.46226 0.034 58.2839 1567.5827
Control ‐752.12152
* 260.842 0.028 ‐1425.1802 ‐79.0628
Outside 60.81182 215.9977 0.957 ‐496.5337 618.1573
Control ‐812.93333
* 292.46226 0.034 ‐1567.5827 ‐58.2839















































Table 3.6 ICP-MS results on rare earth elements (REEs) in ppm for all samples.  
Sample ID Stream Site # Fire Impact La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
16MF_HS_1 High Swamp 2 Unburned 69.00 60.30 44.30 40.00 32.70 10.30 12.00 9.70 11.00 8.70 9.30 9.30 10.70 8.00
16MF_HS_3 High Swamp 2 Unburned 96.60 81.00 68.70 53.30 33.00 10.70 17.70 11.70 13.00 11.70 9.70 12.00 12.30 8.30
16MF_PS_4 Pine Swamp 2 Burned 72.00 59.70 46.30 32.30 24.70 11.30 14.30 9.70 9.00 9.00 9.00 12.00 11.00 8.00
16MF_PS_5 Pine Swamp 2 Burned 66.30 53.70 41.60 35.70 19.70 13.30 11.30 13.00 11.00 8.00 10.00 15.00 9.00 8.00
16MF_PS_6 Pine Swamp 2 Burned 57.30 49.00 36.30 30.70 15.70 7.30 10.00 6.00 8.00 7.00 6.00 7.00 7.00 6.00
16MF_PS_7 Pine Swamp 2 Burned 69.00 58.00 48.00 37.30 22.70 11.00 13.00 11.30 7.00 8.00 7.00 7.00 7.00 7.00
16MF_PS_8 Pine Swamp 2 Burned 67.30 52.00 43.30 34.30 20.70 11.30 12.70 9.00 8.00 7.00 7.00 11.00 7.00 7.00
16MF_PS_9 Pine Swamp 2 Burned 76.30 58.00 46.00 37.00 20.30 9.70 13.30 7.00 8.00 7.00 4.00 6.00 7.00 6.00
16MF_PS_10 Pine Swamp 2 Burned 81.60 68.00 53.00 43.70 23.30 11.70 15.70 9.00 12.00 10.00 8.00 8.00 10.00 8.00
16MF_BK_5_1 Bushkill Creek 5 Unburned 125.00 105.00 82.00 71.00 46.00 21.00 24.00 19.00 18.00 16.00 14.00 15.00 16.00 15.00
16MF_BK_5_2 Bushkill Creek 5 Unburned 119.00 102.00 77.00 64.00 38.00 19.00 21.00 18.00 17.00 16.00 15.00 15.00 16.00 16.00
16MF_BK_5_3 Bushkill Creek 5 Unburned 92.00 83.00 62.00 50.00 31.00 16.00 17.00 15.00 13.00 12.00 12.00 12.00 13.00 13.00
16MF_BK_7_1 Bushkill Creek 7 Burned 102.00 90.00 67.00 55.00 34.00 16.00 19.00 16.00 15.00 14.00 14.00 14.00 15.00 16.00
16MF_BK_7_2 Bushkill Creek 7 Burned 118.00 105.00 84.00 69.00 42.00 18.00 18.00 13.00 10.00 9.00 8.00 8.00 9.00 10.00
16MF_BK_7_2_2 Bushkill Creek 7 Burned 120.00 111.00 91.00 78.00 50.00 21.00 21.00 14.00 11.00 10.00 9.00 9.00 10.00 11.00
16MF_BK_7_3 Bushkill Creek 7 Burned 75.00 70.00 54.00 46.00 28.00 14.00 14.00 12.00 11.00 10.00 10.00 11.00 11.00 11.00
16MF_BK_12_1 Bushkill Creek 12 Unburned 231.00 222.00 184.00 165.00 107.00 42.00 38.00 22.00 15.00 13.00 13.00 13.00 15.00 16.00
16MF_BK_12_2 Bushkill Creek 12 Unburned 138.00 131.00 110.00 96.00 68.00 29.00 27.00 17.00 14.00 13.00 12.00 12.00 13.00 13.00






Figure 3.1 The Folk (1954, 1980) classification of sedimentary grain size based on sand, silt, 
and clay. Ternary graph on sediment particle size among sampled sites inside the wildfire. 
Majority of the burned sampled sites are plotted as silty sand (zS), except for site 16MF_PS_8 





Figure 3.2 The Folk (1954, 1980) classification on describing sedimentary grain size based on 
sand, silt, and clay. Ternary graph on sediment particle size among sampled sites outside the 
wildfire. Majority of the unburned sampled sites are plotted as silty sand (zS), except for site 












Figure 3.3 A sediment sample under a microscope showing several pieces of charcoal and 
charred debris present. All 19 sediment samples contained charcoal or burned material after dry 
sieving. Many charcoal pieces and charred sediment were easily visible without the use of a 
microscope. A red arrow and five red circles are shown in the figure to indicate the charcoal 






Figure 3.4 Map showing the 16-Mile Fire with High Swamp and Pine Swamp watersheds. An 
inset map (bottom) displaying a zoomed in view of the two swamps and its wetlands. From the 
inset map, the wetlands are colored for distinction, blue outline for High swamp and filled in 





Figure 3.5 Map showing three different watersheds from each sampled stream. The 16-Mile Fire 
is outlined in red to display the burn extent. Stream site BK_7, inside the fire labeled with a 
green square, is the largest watershed compared to the other tributaries, which covers both BK_5 
and BK_12. In order to showcase BK_5 (purple) and BK_12 (pink) watersheds, stream site 





Figure 3.6 Map showing the stream’s watersheds and its intersection within the 16-Mile Fire. 
The results from watershed delineation shows only two out of three stream sites intersected the 
wildfire. All intersected watersheds were used to calculate the percentage of area overlapping the 
16-Mile Fire. Stream sites BK_7 (outlined in yellow) and BK_12 (outlined in black) display an 
intersection with the wildfire. The map also shows stream site BK_5, farthest from the wildfire, 






Figure 3.7 Map showing the 16-Mile Fire with High Swamp and Pine Swamp watersheds with 
its assigned stream order. An inset map (bottom) displaying a zoomed in view of the stream 
network along with the two swamps and its wetlands. Results show the stream order contains 
first-order streams that increase to the fourth-order stream. High and Pine Swamp lie on the 






Figure 3.8 Map showing stream site BK_5 and an inset map (bottom) displaying a zoomed in 
view of the watershed along with the stream order. Site BK_5 lies on a seventh-order stream 
(fuchsia colored line) that follows a “top down” system, devised by Strahler. This stream site lies 






Figure 3.9 Map showing stream site BK_7 and an inset map (bottom) displaying a zoomed in 
view of the watershed along with the stream order. Site BK_7 lies on a seventh-order stream 
(fuchsia colored line) that is similar to site BK_5. Stream BK_7 has the highest watershed area 
(93.82 km2), which was difficult to portray its entirety. Results show all the stream orders that 






Figure 3.10 Map showing stream site BK_12 and an inset map (bottom) displaying a zoomed in 
view of the watershed along with the stream order. Site BK_12 lies on a sixth-order stream 








Figure 3.11 Pie chart comparing major oxides concentrations (percent weight) among all sampled sites inside (A) and outside (B) the 
16-Mile wildfire. Each color represents major elements from ICP-MS analysis. Site 16MF_PS_6 seem to be highly concentrated in 
SiO2, which is before the beaver dam and Pine Swamp wetland. All major oxides, except for SiO2 and Al2O3, concentrations outside 
the fire (B) show higher percent weight compared to inside the wildfire (A) stream sites. Stream sites outside the fire, 16MF_HS_1 
and 16MF_BK_12_1 seem to be highly concentrated in SiO2 percent weight compared to the other stream sites. It is worth noting, 





Figure 3.12 Box plot showing the difference of aluminum (Al2O3) wt % normalized between 
inside and outside the wildfire. Results show a higher concentration range inside the fire, 






Figure 3.13 Box plot showing the difference of iron (Fe2O3) wt % normalized between inside 
and outside the wildfire. Results display a high concentration outside the fire, which constitutes a 
positively skewed box plot. Inside the fire shows a distribution that is considered positively 








Figure 3.14 Trace element concentrations (ppm) among sites inside and outside the 16-Mile wildfire. Colored dot symbols represent 
statistically significant trace elements (p<0.05) with high element concentrations. Y axis in logarithmic scale and X axis represents 
stream sediment sample sites. V, Co, Ni, Cu, Rb, Sr, Zr, and Ba were graphed separately to better analyze their concentrations among 
each site. All elements except for Ni and Zr were statistically different among all stream sediment sample sites (p<0.05). Ni and Zr are 
included on the graph due to their high element concentrations. Results show Zr and Ba having the highest concentration peaks while 
Cu shows a large variation among sites. Among these elements, Zr dominates all detected ICP-MS trace elements showing a larger 






Figure 3.15 Box plot showing the difference of barium (Ba) concentrations (ppm) between 
inside and outside the wildfire, statistically different (p<0.05). Outlier present at 1447 ppm for 
site 16MF_BK_7_3. This suggests that overall outside the fire have a higher Ba concentration 




Figure 3.16 Box plot showing the difference of copper (Cu) concentrations (ppm) between 
inside and outside the wildfire, statistically different (p<0.005). Results show that outside the fire 







Figure 3.17 Box plot showing the difference of cobalt (Co) concentrations (ppm) between inside 
and outside the wildfire. Stream sediment samples were statistically different (p<0.05) in Co 
concentrations comparing inside to outside of the fire. Results show that overall outside the fire 




Figure 3.18 Box plot showing the difference of rubidium (Rb) concentrations (ppm) between 
inside and outside the wildfire. Stream sediment samples were statistically different (p<0.005) in 
Rb concentrations between inside and outside the fire sites. Results show that outside the fire 
have higher Rb concentration than inside the fire. An outlier at 73 ppm is present inside the fire 





Figure 3.19 Box plot showing the difference of strontium (Sr) concentrations (ppm) between 
inside and outside the wildfire. Stream sediment samples were statistically different (p<0.005) in 
Sr concentrations between inside and outside the fire sites. Results show that outside the fire has 
higher Sr concentration than inside the fire. An outlier falls below the lower quartile at 43 ppm 
for sample site 16MF_BK_7_2. The dispersion of the data set for Sr demonstrate about the same 




Figure 3.20 Box plot showing the difference of vanadium (V) concentrations (ppm) between 
inside and outside the wildfire. Stream sediment samples were statistically different (p<0.005) in 
V concentrations between inside and outside the fire sites. Results show that outside the fire have 
higher V concentration than inside the fire. An outlier falls below the lower quartile at 17 ppm 






Figure 3.21 Rare earth elements (REE’s) concentrations (ppm) inside and outside the wildfire. Y axis in logarithmic scale and X axis 
represents stream sediment sample sites. Colored dot symbols represent each REE’s. Majority of all samples sites inside the wildfire 
follow a similar trend. Sediment samples outside the fire show higher REE concentrations for site BK_5 and BK_12. Light REEs 









Figure 3.22 Pie chart representing XRF major oxide results based on the stream sediment samples inside and outside the wildfire. The 
results are in percent weight for each element. Each color denotes the major oxides detected from XRF analysis. Results indicate all 
streams are very concentrated in SiO2 and slightly high of Al2O3 for inside and outside the fire. Both inside and outside the fire 
demonstrate very similar results between all the major oxides. Outside the fire does show a slightly higher SiO2 concentration of 
83.82% whereas inside results 83.80%. Difference between the major oxides is Al2O3 and MgO are slightly higher inside the fire 
rather than outside the burn area. K2O results differently where outside the fire shows 3.43% and, in the burn, presents a lower 






Figure 3.23 XRF analysis of sediment samples inside and outside the wildfire extent. Y axis is in logarithmic scale and X axis shows 
sample site identification. Colored dot symbols represent four trace elements such as S, Ca, Fe, and Mn which resulted the highest 
element concentration for XRF. Fe is shown as a prominent concentration compared to other trace elements in all sampled sites inside 
and outside the wildfire. Samples in site 16MF_BK_7 shows a higher Fe concentration averaging 22,161 ppm compared to other 
burned stream sites. Conversely, Fe outside the fire shows an overall higher Fe concentration that ranges from 6985 to 44082 ppm. 
Another trace element S also shows prominent concentrations, specifically in Pine Swamp wetland. The control site, BK_5 results an 






Figure 3.24 A scatterplot of ICP-MS and XRF results to show any correlation between the two methods. The Y axis is plotted as ICP-
MS and the X axis shows the XRF results. Four major oxides such as SiO2, Al2O3, MgO, and K2O are results from both methods. 







Figure 3.25 ICP-MS and XRF plotted on a scatterplot to show any correlation between the two methods. The Y axis is plotted as ICP-
MS and the X axis shows the XRF results. Both methods share 14 elements, which were split into different graphs. These six 
elements, Ni shows a negative correlation while Ga, Cr, and Zn illustrates a moderate positive correlation between ICP-MS and XRF. 







Figure 3.26 ICP-MS and XRF plotted on a scatterplot to show any correlation between the two methods. The Y axis is plotted as ICP-
MS and the X axis shows the XRF results. Results show that Y and Zr have no correlation. Pb has a weak positive correlation. 
Ba and Sr have a stronger positive correlation for XRF and ICP-MS (r=0.697 and r=0.564). Three elements, Co, Th, and U were not 













Figure 3.27 Scatterplot graph comparing the statistically significant major oxide elements against the amount of watershed area 
burned from the 16-Mile Fire. Y axis in normalized weight percent and X axis represents the percentage of watershed burned. Pine 
and High Swamp show the greatest burned percent yet contribute a decrease in Fe2O3 concentrations. Site BK_5 was not impacted by 
























Figure 3.28 Scatterplot graph comparing the statistically significant trace elements against the amount of watershed area burned from 
the 16-Mile Fire. Y axis in logarithmic scale for ppm values and X axis represents the percentage of watershed burned. Pine and High 
Swamp show the greatest watershed percent burn and a decrease in Cu concentrations. Site BK_5 remains towards the left due to no 





















Figure 3.29 Scatterplot graph comparing the statistically significant trace elements against the amount of watershed area burned from 
the 16-Mile Fire. Y axis in logarithmic scale for ppm values and X axis represents the percentage of watershed burned. Similar trend is 



















The main purpose of this study was to assess the major and trace elements of sediment 
samples of the 16-Mile Fire within and outside the wildfire extent in order to interpret chemical 
variation between stream sites. Previously studied by Darley (2017), ash and soil samples from 
the 16-Mile Fire showed chemical variation inside and outside the wildfire, specifically elements 
of copper, barium, calcium, and manganese, showing increases within the fire. For stream 
sediment ICP-MS results between burned and unburned sites, major elements such as iron, 
aluminum, manganese, and magnesium showed more chemical variations outside the wildfire 
rather than inside the fire extent. Trace elements of copper, zirconium, and barium showed 
higher concentrations outside the wildfire. Results presented here demonstrated an interesting 
trend of higher element concentrations outside the wildfire rather than inside the fire perimeter, 
whereas Darley (2017) discovered the opposite.  
As Darley (2017) noted, copper and barium tended to be persistent as fire signatures in the 
soils after the 16-Mile fire occurred in 2016. Flood (2019) suggests the results from Darley 
(2017) influenced by the natural concentrations of copper and barium in the wood ash samples. 
Flood (2019) also suggests copper and barium may have leached into the soil due to a rain event, 
whereas other trace elements remained concentrated in mineral ash which could possibly 
transport into streams via runoff. If elements that still remain in the ash immediately after a fire 
and will translocate within the soils after leaching begins, then it brings the question in mind of 
how copper and barium are still seen in stream sediments, specifically outside the burned area? 
There are several assumptions that are likely to play a part in finding element concentrations four 




 Water has the unique property of dissolving and carrying in a variety of contaminants, thus 
easily degrading the water quality. Among the different contaminants that can impact water 
quality, inorganic contaminants such as heavy metals and trace elements are important to 
understand within aquatic environments due to their non-degradable nature (Dündar & Altundağ, 
2018). According to Dündar & Altundağ (2018), in an aquatic environment many pollutants are 
absorbed or bound by particulate matter. For instance, in a stream or river environment, 
depending on its conditions the suspended particles can settle to the bottom and alter sediment 
chemistry or toxicity. Moreover, such element concentrations are often variable as a result of 
several factors such as flow regimes, sediment characteristics, mixing dynamics, and receiving 
waters. 
 
4.1 Stream Sediment’s Particle Size  
 
Determination of particle size is one of the most fundamental measures in a sedimentologic 
study since it provides sediment source information. Biogeochemically, the most important 
aspect of particle size is the influence it can have on surface area and chemical reactions. Particle 
size analysis reveals majority of all samples were plotted as silty sand. Chang & Yin (2011) 
described silty sands as having a coarse grain skeleton with the fine grains that are confined 
within the void spaces between the coarser particles. The finer grains that fill the void spaces 
between the coarse particles do not contribute to supporting the grain skeleton and comprise less 
than 25% of fines.  
Ultimately, particle size results yield two outcomes that relate to fire signatures of trace 
elements. Indeed, the results show the majority of all samples from the five streams were 
identified as silty sands, except for the wetlands. The wetlands have different particle sizes, 




energy environments, resulting in forming muddy sediments (Joensuu et al., 2018). It is also 
worth noting that all samples, including wetlands, contained clay particles that ranged from 5 to 
15%. The presence of clay particles helps to understand the appearance of trace and major 
concentrations, which can easily adhere to clay minerals. Inside and outside the fire show similar 
results regarding particle size and show no adherent sediment issues or textural differences.  
Both wetlands are close in location, where Pine Swamp is upstream from High Swamp. 
Wetland samples did show differences in terms of sediment texture due to its unique 
environment and constant changes occurring over time. The difference in sediment texture 
between both wetlands was perhaps influenced by their contrasting streamflow and not being 
connect, through-flowing streams. High Swamp showed higher stream velocity whereas Pine 
Swamp had little flow of water. Pine Swamp had stagnant water, due to the large beaver dam 
blocking streamflow and influencing the sediment structure. In wetlands, the grain size is mainly 
sandy or silty soils that is not as coarse textured compared to terrestrial soils (Craft, 2016; 
Jackson, et al., 2014). The results for particle size analysis was expected since the streams sites 
are predominantly composed of gravel and sand.  
 
4.1.1 The Presence of Charcoal in Stream Sediments  
 
It should be noted that all 19 stream sediment samples contained charcoal and charred 
organic material present after being sieved. The charcoal may not all be from the 16-Mile Fire as 
it is difficult to explain sites upstream from the fire such as BK_12 and BK_5 contained charred 
fragments in their sediment samples. The charcoal could come from earlier fires, or simply from 
runoff from a campfire in the forest. Further sampling in these streams along with other aquatic 




of charcoal remains. Charcoal does persist in the environment; however, the origin of these 
fragments seen in the streams is uncertain.  
Another important detail that may have influence on the presence of trace elements pertains 
to preparations for ICP-MS. The charcoal or charred organic material could have possibly mixed 
in with the sediment while grinding into a powder and then detected by ICP-MS during analysis. 
This has potentially significant influence on the results since during the preparation for ICP-MS, 
all sediment samples were pulverized, and any charcoal present could have easily been detected 
during digestion processes (see Appendix A for charcoal fragments in samples). The charcoal 
present in the sediment samples was visible to the eye, therefore, a macroscopic charcoal 
analysis can be used for determining an exact quantity. However, a quick estimation was used to 
determine charcoal percentage, about 5 to 10% seem to be in all the sediment samples. 
Furthermore, a sample taken from 16MF_BK_5 showed large spot of charcoal that is likely to 
contribute its high element concentrations.  
Charcoal is an expected find for this research since samples were taken from inside the 
wildfire. For samples outside the fire, charcoal was an unexpected find, but it could be the main 
reason as ICP-MS detected high concentrations of various elements. Burning of biomass yields 
large amounts of charcoal and ash that can distribute major and trace elements associated with 
fire. The composition of charcoal is variable since a mixed hardwood forest can contribute 
different components of minerals and elements (Flood, 2019). Forest composition found within 
the 16-Mile Fire area consists mainly of various species of oaks, aspens, maple, and spruces that 
may influence the chemical composition of charcoal. The majority of the ash samples of mixed 
Appalachian forests were more concentrated in P2O5, CaO, MnO, MgO, K2O, Ni, Cu, Zn, Sr, and 




(2019) research, collecting different vegetation samples and mimicking wildfire temperatures to 
produce ash or charcoal could be beneficial to understand the geochemistry seen in the soil and 
streams sediments. It will show different vegetation have different proportions of elements which 
can be analyze in their ash to identify fire signatures of forest fires.  
Charcoal abundances are widely measured and studied in aquatic sediments that often focus 
on detailing fire histories as well as identifying time of deposition. The mechanisms of transport 
and the distances over which charcoal is moved through in a stream network has the ability to 
affect particle size as well as sedimentary deposits (Springer et al., 2012). The presence of high 
charcoal abundances may represent periods of frequent fires and/or fire severities. The result of 
an intense wildfire will produce atmospheric gases, ash, charcoal, and other charred material 
from surround biomass, as seen in Figure 1.2. According to Jones et al. (2019), charcoal 
produced by wildfires could trap carbon for several years and potentially compensate CO2 
emissions from fires. Globally, the production of pyrogenic carbon is equivalent to 12% of CO2 
emissions from wildfires. Therefore, the presence of charcoal within stream sediments can be 
quantified as an overlooked portion of the carbon storage in sediments and part of the carbon 
budget. Moreover, it is important to continue study charcoal remains within the 16-Mile Fire to 
grasp a better understanding of the impacts it may have within a forested ecosystem.  
 
4.1.2 Relationship Between Particle Size and Elements  
 
 Determining the relationship of particle size to elements detected by ICP-MS was 
important. My hypothesis is higher percentage of clay minerals should theoretically correlate to 
higher concentrations of signature elements. Clay minerals have a high surface area followed by 
surface reactivity; therefore, trace metals can be adsorbed on the surface of clay minerals. 




A scatterplot matrix was used to illustrate potential correlations between particle size and 
different elements. 
  For samples inside the fire, Al2O3 showed negative correlation with sand (r=-0.522) 
(Figure 4.1). Silt and clay showed positive correlations for Al2O3 inside the fire (r=0.489 and 
r=0.311). No correlation existed for SiO2 inside the fire, but for samples outside the fire, a 
positive correlation is shown for silt (r=0.458). Major oxides Al2O3 and Fe2O3 show a positive 
correlation for clay particles outside the fire (r=0.605 and r=0.635). Trace elements with the 
highest element concentrations, Ba, Cu, and Zr also resulted in no statistically significant 
correlations with sand, silt, or clay (Figure 4.2). For samples within the fire, there was a weak 
positive correlation for sand for Ba, Cu, and Zr (r=0.382, r=0.419, and r=0.323). Moreover, 
samples outside the fire showed a weak positive correlation for sand for Ba, Cu, and Zr (r=0.418, 
r=0.278, and r=0.269). Clay particles for Ba and Cu demonstrate a positive correlation for 
samples outside the fire (r=0.413 and r=0.372). 
Results indicate no statistically significant correlations between V, Co, Ni, Rb, and Sr and the 
particle sizes. However, outside the fire shows Sr, Rb, Co, and V having a weak positive 
correlation to clay particles (r=0.436, r=0.529, r=0.616 and r=0.531; p>0.005 among these 
elements) (Figure 4.3). Several of the results from inside and outside the fire demonstrates a 
negative correlation for silt. Other results include elements V, Co, Cu, Rb, Sr, and Ba compared 
to sand, silt, and clay. For samples inside the fire, a weak positive correlation is illustrated 
between sand and Ba, Cu, and Co (r=0.382, r=0.419, and r=0.381). Outside the fire determined 
interesting results showing Ba, Sr, Rb, Cu, Co, and V have a positive correlation to clay particles 
(r=0.413, r=0.436, r=0.529, r=0.372, r=0.616, and r=0.531 respectively) (Figure 4.4). Silt 




correlations were present, several significant elements Ba, Sr, Rb, Cu, Co, and V illustrated a 
positive correlation to clay for outside the wildfire. It shows that certain elements might be 
adhering to clay particles due to the large active surface area (Horowitz, 1991).  
High element concentrations are more commonly associated with finer grains; however, trace 
element concentrations can also accumulate on coarse material as well, which includes sand, 
pebbles, and cobbles (Horowitz, 1991). For instance, iron and manganese oxides are chemically 
active and have a high adsorption affinity for trace elements. For trace elements to accumulate on 
coarser particles is probably because manganese can leach out of the sediments, influenced by 
water pH, stream water concentration, and amount of oxides already present, which then will 
precipitate on exposed surfaces of pebbles and cobbles (Filipek et al., 1981; Huelin et al., 2006). 
Further research is needed to analyze if coarser particles such as pebbles and cobbles show major 
and trace element concentrations. 
 
4.2 Stream Order and Watershed Model  
 
As discussed earlier, the Bushkill Creek is located in the center of the wildfire area in a 
hydrologically active region that was subjected to burn impacts. A digital elevation model 
(DEM) was constructed on ArcMap to determine the watershed area and stream order network of 
the Big Bushkill Creek watershed that was impacted by the 16-Mile Fire. The watershed analysis 
indicated four out of five watersheds overlapped in the wildfire perimeter. Watershed delineation 
showed site BK_5, the furthest stream outside the 16-Mile Fire, did not intersect the burn area. 
Sediment samples were more concentrated in Al2O3, Fe2O3, MnO, MgO, CaO, V, Cr, Co, Ni, 
Cu, Rb, Sr, Zr, and Ba in site BK_5 compared to streams located inside the fire. Comparing to 
BK_12 having a large stream network, it lies on a seventh order stream, upstream from site 




The specific impacts of a wildfire on a watershed area can be unpredictable and depend on 
variables pre-existing from the fire such as aquatic chemistry, bedrock geology, vegetation, 
topography, and climate conditions. Callanan et al. (2017b) observed the water chemistry to 
assess whether ash and soil mobilized from the 16-Mile Fire had impacted the Bushkill Creek 
and its tributaries. Callanan et al. (2017b) assessed water quality two, eight, and ten months 
following the fire to compare water anions inside versus outside the 16-Mile Fire. Callanan et al. 
(2017b) determined that two months after the wildfire, concentrations in water anions including 
chloride, nitrate, sulfate, and phosphate were high, then decreased ten months later. Callanan et 
al. (2017b) concluded that erosion of ash and soil from the wildfire did not have a significant 
impact on the water quality of the Bushkill Creek. Darley (2017) supported this conclusion, 
finding erosion to be a minor process in an area dominated by shallow slopes.  
Both outside stream sites BK_5 and BK_12 watersheds overlap with BK_7, located inside 
the wildfire. Higher concentrations of Cu, Zr, and Ba were seen outside the fire rather than 
inside. The watershed delineation and stream network play a role in explaining possible reasons 
for this outcome. It is possible BK_5 retained element concentrations due to wind driven inputs 
from the burning of vegetation. A possible explanation for sites downstream from BK_5 is likely 
due to the distance between each stream site. Site Bk_5 is upstream from stream site BK_7 
(inside the fire) and the wetlands, which could mean the trace elements possibly filtered out 
while flowing downstream. To confirm this, stream sediments should be collected further 
upstream from BK_5 as well as its headwater for element analysis and determine if fire 
signatures exist.  
Observing inside the fire stream sites, BK_7 and Pine Swamp, show an interesting trend. 




taken along the stream where Pine Swamp is located shows lower concentrations. Wetlands are 
known to reduce the amount of harmful chemicals that are introduced by acting like a strainer to 
filter out the toxins. Wetland plant species play a major role in filtering out harmful elements 
through the uptake of these substances into their roots and chemically alter them before releasing 
into the water. Additionally, according to the EPA (2001), chemicals along with other pollutants 
stick to sediment particles and can be buried in wetlands where bacteria or microorganisms can 
break down for utilization, which is also known as bioremediation. This trend can also be seen 
outside the fire, where High swamp compared to BK_12 and BK_5 have lower element 
concentrations.  
 
4.2.1 Burned Watershed Influence on Trace Elements  
 
 The estimation of a watershed mass balance is a fundamental technique for assessing the 
impacts of variety factors on watershed system functions. Calculating the percentage of how 
much each watershed were burned from the 16-Mile Fire was key in correlating to the elements 
analyzed by ICP-MS. Elements in high concentrations were plotted against the percentages of 
burned watersheds. The control site, 16MF_BK_5 shows the highest element concentrations of 
all samples inside as well as outside the fire. Site 16MF_BK_5 was not directly impacted by the 
16-Mile Fire and resulted high concentrations of Cu, Zr, and Ba as well as V, Cr, Co, and Rb. In 
other words, these findings were opposite of my hypothesis.   
There is a decrease in element concentrations in watersheds with greater burn area (Figures 
3.27, 3.28, and 3.29). One would expect that the highest burned watershed percent would have 
the highest element concentrations. Conversely, elements such as Cu and Ba begin to decrease 




concentration towards its location within the area of highest burn impact. Both wetland’s 
watersheds suffered the highest burn damage yet show the lowest element concentrations.  
Another key factor concerns the mobility of the sediments. It is assumed if the sediments are 
stored temporarily and if trace elements are attached to those particles, then it is likely to be 
transported out of the stream’s system. Particle size analysis indicates there are few correlations 
between grain size and elements inside the fire. However, for samples outside the fire, ICP-MS 
data show a weak positive correlation for clay and trace elements, including Ba, Cu, Zr, Sr, Rb, 
Co, and V. The correlation of these trace elements to clay size particles is perhaps due to certain 
clay species have affinity for certain elements over others. Horowitz (1991) mentions an affinity 
sequence for certain trace elements existing with clay size particles, in descending order: Pb, Ni, 
Cu, and Zn. This means Pb would be preferentially concentrated over Ni, Cu, and Zn by clay 
size particles. Further research on clay adsorption and trace elements is needed to investigate 
why certain elements and not others might associate with clay. 
It is also possible for sediments to remain immobile. Stream flow and other hydrologic 
conditions are investigated to see if the sediments are mobile or immobile. Analyzing the 
streamflow conditions during the time of sampling shows low streamflow for outside the fire 
streams whereas in the burn streams illustrates faster water velocity (shown in Table 2.1). There 
was little flow present site 16MF_BK_12 and the control site, based on my field observations. 
According to the United States Geological Survey Water Data (2016), hydrographs analyzed 
during the event of the 16-Mile Fire shows the stream discharge ranges between 100 to 200ft3/s 
and a high peak is present above 200ft3/s with a gage height of 1.90ft just 11 days prior to the 
wildfire (Figure 4.5). Before the fire, the mean discharge was about 300 to 400ft3/s, while the 




conditions were also below average, indicating why the stream discharge were less than normal 
(Figure 4.6). Both the streamflow and precipitation were below normal thus creating drier 
conditions to help ignite the fire as severe as it was. In addition, the loss of riparian vegetation 
due to a fire can alter the inputs of coarse and fine particulate organic matter as well as debris 
into streams, therefore causing changes in stream discharge and hydrological flow paths through 
watersheds (Betts & Jones Jr., 2009). It should be noted that the stream gauge station is 
collecting stream data from the whole drainage basin downstream from where sediments 
sampling was taken place, thus it is going to have different hydrologic conditions.  
A month following the fire shows a change in streamflow and how much water is coming 
into the streams due to precipitation. The probability of sediment and charcoal pieces remaining 
in the outside stream sites, 16MF_HS, 16MF_BK_5, and 16MF_BK_12, are high since there 
was little streamflow occurring during the time of sediment sampling, whereas in the burn there 
was higher water velocity. Streamflow during the year of sampling showed normal flows as well 
as higher water levels in winter and spring season due to snowmelt and precipitation (Figure 
4.7).  
 
4.3 Geochemistry Trends in Stream Sediment  
 
4.3.1 Inside versus Outside Trends for Major Oxides  
 
 Darley (2017) showed high concentrations of CaO and MnO in soil and ash sampled of 
burned sites. For trace elements, Darley (2017) also discovered Cu and Ba were more abundant 
in soil and ash samples of burned sites to unburned areas. In stream sediment, ICP-MS results 
reveal trace element concentrations of Cu, Zr, and Ba to be higher outside the wildfire rather than 
inside the fire extent. Major oxides such as MnO and CaO were also abundant in the ash samples 




trace elements such as V, Co, Rb, and Sr were tested to be statistically different and showed high 
concentrations outside the fire.  
 When the 16-Mile Fire occurred in 2016, Darley (2017) sampled few months following 
the fire event, which showed major and trace elements existing inside the burn area. Four years 
after the 16-Mile Fire event, major and trace elements still exist inside the burn area, however, 
stream sediments results are showing higher amounts of concentrations outside the fire event. 
Although stream sediment results contradict Darley (2017) findings, it is important to understand 
and interpret the reasons for these outcomes. Analyzing results from particle size, watershed 
delineation, stream order, and XRF will help to clarify or dismiss any assumptions made to 
explain why element concentrations are higher outside rather than inside the wildfire area.  
 Among the major oxides, SiO2 contributed the highest concentrations for outside and 
inside the fire stream sediments as well as soil samples from Darley (2017) results. A high 
proportion of Si in stream sediments and soil samples from Darley (2017) was expected since it 
is considered a common major oxide on earth. Although not considered a fire signature, Si is a 
major constituent of nearly all rocks and most likely produced during weathering. The median of 
Si content in stream sediments is about 60% and can range from 3 to 94% depending on the 
geological background (Ander et al., 2006). According to Ander et al. (2006), there is a 
correlation between grain size and Si concentration in soil and sediment samples. For example, 
when the proportion of Si content in a sample is higher, the proportion of fine-grained particles 
such as clay and silt is lowered. Flood (2019) states Si exists in high amounts within soils, which 
is an important growth medium for trees. Therefore, the burning of trees due to a wildfire event 




 Although Darley (2017) showed higher amounts of calcium oxide in burned soil samples, 
1.23 to 20.53 weight percent, stream sediments show opposite demonstrating low concentrations 
and did not have any statistically significant differences between inside and outside (p>0.05 for 
all samples). This result of CaO does not line up with the Darley (2017) and Flood (2019) 
findings as well as not showing any differences in streams inside and outside the fire. Depending 
on the plant species and ecosystem being affected, the relative proportion of some of these 
elements can be detected within the ash (Bodí et al., 2014). As the temperature of combustion 
increases, other elements begin to volatize and no longer remain in the ash. For instance, 
temperatures around 500℃ produce silica and carbonate (CaCO3) compounds, which will then 
dissociate into oxides between 580℃ to 1100℃ (Bodí et al., 2014). Therefore, alterations in Ca 
compounds occur both physically and chemically.  
Ca in lakes, rivers, or streams plays an important role in buffering against acid rain along 
with providing essential nutrients for living organisms. An explanation for low Ca concentrations 
compared to Darley (2017) and Flood (2019) is perhaps due to its solubility within water. Ca 
plays various structural roles in plants, yet in water carbonate rocks such as limestones and 
dolomites weather to release a major source of Ca as well as Mg. When CaO is combined with 
water, it reacts to form another insoluble compound known as calcium hydroxide (Ca(OH)2), 
which over a period of time can react with carbon dioxide to reform limestone (CaCO3) (Hooda, 
2010; Athanassiadis & Walsh, 2017). The presence of calcium carbonate (CaCO3) will generally 
increase pH levels and can control the solubility of trace elements that may be precipitated or 
become sparingly soluble. Furthermore, CaO is actually sparingly soluble, meaning it will only 
dissolve in small amounts whereas in acid solutions it will dissolve naturally. The formation of 




Calcium and oxygen share a strong attraction, and this is due to its enthalpy of formation (−635 
kJꞏmol compared with -411.12 kJ for NaCl), and so it is extremely hard to separate the two ions 
(Athanassiadis & Walsh, 2017; Plyasunov, 2020). Callanan et al. (2017b) notes the water pH for 
Bushkill Creek ranged from 6.2 to 6.7 following the 16-Mile Fire. Therefore, after the wildfire 
occurred, the water pH remained under normal pH conditions and shows CaO did not dissolve 
out of the Bushkill Creek. However, further water analysis is needed from the Bushkill Creek 
and its tributaries to investigate if there is a change in pH levels.  
The majority of all oxides are sparingly soluble and the larger the lattice energy the more 
energy it will require to break apart the bonds. However, effects of fire on water can be viewed 
as a major disturbance that provides strong energy and temperatures to break apart bonds as well 
as change the pH of water. The pH of water can be affected by ash depositions after a fire, thus 
increasing pH values of soils and water, which would allow oxides to dissolve over a period of 
time (Neary et al., 2005). It is likely that the majority of the major oxides concentrations are 
rather low compared to Darley (2017) results due to the period of time it took for the elements to 
dissolve in the stream’s water. Since there is no correlation with particle size and major oxides, it 
is assumed that most of the elements dissolved in the stream’s water.   
Other major oxides such as aluminum and iron showed concentrations < 5% weight 
among samples. Burton et al. (2016) mention Fe is primarily derived from mineral soil, which 
explains the results showing soil samples with higher Fe concentration than in ash. Flood (2019) 
also states Al2O3 and Fe2O3 has significantly lower percent weight in the ash samples than soil, 
supported by Burton et al. (2016). These results could explain why Fe has higher concentrations 
outside the 16-Mile Fire rather than inside because soil either deposited into nearby streams via 




concentrations at BK_5, which is the furthest site outside from the burn. Moving further 
downstream from BK_5, the wetlands showed lower concentrations in Fe2O3 compared to the 
other tributaries. Furthermore, in an XRF analysis, Pine and High Swamp showed high 
concentrations of Fe and S compared to other streams (shown in Figures 3.25 and 3.36). This 
result is important to address as another element observed in the XRF testing was S, which has a 
complex interplay with Fe in wetlands. 
In wetland environments, the unique ability to trap and retain toxic elements by sequestering 
metals similarly to taking carbon dioxide from the atmosphere, results in an important strategy 
against negative impacts. In regions that experience seasonal rainfall, wetlands can experience 
periodic redox oscillations due to water levels fluctuating (Karimian et al., 2018). Redox 
potential is a critical variable that directly and indirectly influences the speciation of some trace 
elements that occur in distinctive oxidation states, which includes Fe, Co, and Mn (Hooda, 
2010). Fe plays a major role as it is a dominant element in wetlands and important for Fe-
reduction in anaerobic respiratory pathways (Schoepfer et al., 2014). According to Karimian et 
al. (2018), iron minerals such as Fe(II) and Fe(III) make a significant contribution to the 
geochemical behavior of trace elements due to the involvement in the redox equilibria of soil as 
well as wetland sediments. Particularly in soil, these forms of Fe are only solubilized by low pH 
levels, which plants will use different mechanisms in order to access these chemical options of 
Fe in their roots (Graham & Stangoulis, 2003). Due to its anoxic conditions in wetlands, Fe and 
S biogeochemical cycling processes can control trace metal bioavailability, which is considered 
an effective remediation approach in certain environments. In the absence of oxygen, wetlands 
and many microorganisms that inhabit such harsh conditions, utilize difference elements or 




Overall, S is common in wetlands and is highly reactive and redox-sensitive; therefore, being 
a fundamental element in important ecosystem processes. Wetlands are also known to emit S 
gases or hydrogen sulfide (H2S) which is a strong foul odor that is mainly produced by 
microorganisms and sediments by the process of sulfate reduction (Hicks & Lamontagne, 2006). 
Essentially, due to anoxic conditions, most wetlands containing sulfate-reducing microorganisms 
can use SO42- for respiration and oxygen for decomposing organic matter (Cynthia et al., 2011; 
Hicks & Lamontagne, 2006). When sulfate is introduced, it is microbially reduced to sulfide 
which then binds with Fe to produced iron sulfide (FeS), recognizable in wetland sediments and 
soils (Figure 4.8) (Schoepfer et al., 2014). While several factors control the rate of sulfate 
reduction, the availability of sulfur in wetlands will continue to be a staple element for the many 
mechanisms in the environment. Gaining a comprehensive understanding of the interplay 
between S and Fe reactions in wetlands has been a challenge, however, further research will shed 
light on the complexity of wetland geochemistry.  
 
4.3.2 Inside versus Outside Trends for Trace Elements 
 
Comparing inside versus outside the fire trends for trace elements will show differences 
between each stream’s element concentrations. Observing trace elements, Ba concentrations 
within stream sediment outside the wildfire was not consistent with Darley (2017). Outside the 
fire, stream site BK_5 contained higher Ba concentrations, 1889.66 ppm, whereas inside the 
wildfire, the highest Ba concentration was seen in BK_7, 1447.66 ppm (shown in Figure 3.14). 
Darley (2017) found the highest Ba concentrations, 2697 ppm, in the control ash, along with 
other higher values inside the 16-Mile Fire. According to Flood (2019), Ba concentrations are 
seen within the soil and ash due to the ash chemistry. Flood (2019) notes current literature does 




For inside the fire stream sediments, the mass balance results show a huge decline of Ba inside 
the fire, whereas outside at BK_5 remains with high concentrations.   
Darley (2017) states Ba has relatively the same concentration between two time intervals 
of sampling and the highest concentration of Ba is in the B horizon at sample site 7. Sediment 
samples was also collected from BK_7 (soil site 7) and shows higher Ba concentrations 
compared to other inside the fire streams. Flood (2019) states all hardwood species tended to 
yield ash with high concentrations of Ba. A reason why BK_7 tended to have higher Ba 
concentrations compared to Pine Swamp is perhaps due to wetland functioning filtering out 
containments. Also, BK_7 tended to have more burned hardwood species present and charcoal or 
charred material could have deposited or transported in the stream to elevate Ba concentrations.  
High concentrations of Ba seen outside the fire stream sediments were likely influenced 
by being transported out of the burn area and into the streams via runoff. According to Ander et 
al. (2006), Ba distribution in stream water associates to the patterns of major ions such as SO4 
and if bonded will create an insoluble compound such as barium sulfate, BaSO4, in water. With 
little streamflow occurring outside the fire, it is possible for Ba to remain in the stream water due 
to its insoluble characteristics and perhaps attaching to something other than the particles, for 
instance, organic matter.  
Trace elements can be bound by organic matter as a result of chelation and exchange 
absorption, which will limit the mobility of these elements due to different properties of organic 
matter fractions in bottom sediments (Baran et al., 2019). Baran et al. (2019) observed the 
concentration of trace elements was strongly, positively correlated with organic matter in the 
bottom sediments. Stream sediment samples did contain many organic matter (OM) present, 




fragments of OM were left behind in the sediment sample and detected in ICP-MS. (see 
Appendix B for organic matter in sediment sample). There was larger organic matter such as 
burned twigs present in all stream sediment samples, but taken out before prepping for ICP-MS. 
Organic matter is a rich source of negative charges and an important contributor to soils cation 
exchange capacity (Hooda, 2010). Furthermore, during the decay of plants or animals, organic 
matter will contain those nutrient elements from decomposition, including trace elements that is 
very useful for plant growth. Further research is needed to investigate the mobility, 
bioavailability, and distribution of trace elements in organic matter of bottom sediments. 
 Zr also showed high peaks for both inside and outside the wildfire, although higher out of 
the burn (shown in Figure 3.21). Darley (2017) and Flood (2019) showed similar results to one 
another by observing higher Zr concentrations in the soil samples rather than in ash. Zr does not 
show a strong correlation with particle size, no significant differences between inside and outside 
the fire samples and decreases in concentration within the most burned watershed (Pine Swamp). 
It is assumed either Zr is indeed present within the soil, according to Darley (2017) and Flood 
(2019) and is utilized by plants or retained within the soils. This may link to a soil-plant transfer 
influencing vegetation to uptake translocate from roots to the leaves providing Zr is readily 
bioavailable. According to Shahid et al. (2013), depending on its chemical form and 
bioavailability, Zr is slightly mobile in soils as a result of its binding to insoluble oxides, 
chloride, and silicates. However, in water, if attached to an oxide, zirconium oxide (ZrO2) is 
insoluble in water and therefore is not mobile (Shahid et al., 2013).  
If Zr is reported high concentrations within the soil, then it is likely it was either 
deposited into nearby streams via runoff and then transported out of the burned watersheds 




then there is a chance it will not get to the stream sediments, therefore, concentrations will not 
get transported away. If element concentrations are not deposited into nearby streams, then 
perhaps the wildfire stores the elements into the soil, resulting in depleting the stream sediments 
within the fire. An assumption can be made for analyzing higher concentrations outside the burn 
is perhaps due to Zr’s low solubility and under less acidic conditions allows Zr to remain within 
the sediments. Another possibility is the uptake by vegetation, which according to Shahid et al. 
(2013), once Zr is present in a plant’s roots then it can become sequestered in root cells for a 
long period of time and limit the amount to translocate to plant shoots. If the elements are not 
stored in the soil, then trace elements could quickly be incorporated into post-fire vegetation and 
unable to get into stream sediments. However, more data on the plant-soil behavior as well as in 
water is needed to understand Zr. 
 Trace element Cu is seen in higher concentrations outside the wildfire rather than inside 
the fire, which is opposite of what Darley (2017) determined for soil and ash chemistry. Stream 
site BK_5 showed the highest Cu concentrations compared to other outside the fire samples. 
Comparing Cu ppm to Darley (2017) results show interesting differences at Site 5 for the soil 
and ash with higher concentrations in the second time interval compared to the first time series. 
Stream site BK_5 showed a high concentration ranging from 487.33 to 713 ppm whereas the 
other outside streams ranged from 4.66 to 155 ppm (shown in Figure 3.14). To compare, inside 
the fire stream sites ranged from 4 to 475.66 pm, a large variance (shown in Figure 3.16) that 
was not seen by Darley (2017).  
Stream site BK_5 is northeast of the fire extent and possibly contains higher trace 
element concentrations due to the wind driven movements in that direction. Another possibility 




is common in sandstone. Past studies of sandstone-type bedrock analyzed by Rose et al. (1986) 
state Cu has been redistributed within the Catskill Formation since being greatly depleted from 
all red sediments (oxidized), however, highly variable in gray sediments (oxidized). 
Furthermore, in search of Cu in sedimentary rocks was first recognized and developed by 
petroleum geologists, who explored for U and suggested that the same concept might be 
beneficial in the research for other metals that are mobile under conditions of low temperature 
and pressure (Tourtelot & Vine, 1976). According to Rose et al. (1986), Cu and U occurrences in 
the Catskill formation are concentrated in areas of thick, red shales accompanied by fine-grained 
sandstones and deposited in shallow streams.  
 Four years after the 16-Mile Fire event occurred, trace elements Cu and Ba tend to be 
persistent as fire signatures in the soils as well as the stream sediments after a wildfire. Darley 
(2017) and Flood (2019) provided several reasonings to understand why these elements remained 
within the soil. Darley (2017) makes an important point stating most likely that Cu is adhering to 
the clay particles in the soil, which was speculated to have remain within the soil horizons or 
possibly sequestered by vegetation.  
Out of the three streams outside the fire, stream site BK_5 showed higher concentrations 
in trace elements Cu, Zr, and Ba. Although the furthest upstream outside the fire extent, the fire 
progression map (Figure 4.9), indicates northeast movement of winds and graphically shows the 
fire progressing towards stream site BK_5. Due to the progression towards the outside streams, 
ash may have fallen within that area thus resulting higher concentrations of Cu, Zr, and Ba. 
Trace elements in ash particles during a wildfire and subsequent fallout. Ashfall deposits can 
remain in the local environment for years to decades, in this case stream sediment samples show 




(BC) are very resistant in the environment and the presence of charcoal has remained throughout 
soil profiles. Darley (2017) mentions ash fall may have been predominant northeast of the area 
thus yielding higher concentrations of Cu and Ba. Burton et al. (2016) states that Cu can be 
derived from ash due to the burning of vegetation.  
According to Flood (2019), trace elements within the ash are dependent on the type of 
biomass (hardwood species) combusted during the wildfire. It is important to analyze if 
vegetation has any influence on the distribution of trace elements or taking in specific elements 
in order to assess the chemistry of wood ash. Flood (2019) analyzed 15 tree species in which the 
ash chemistry was compared to soil chemistry to interpret element variation. Stream sediments 
showed little variation between inside and outside the fire, however, certain elements such as 
SiO2, Fe2O3, MnO, K2O, P2O5, V, Co, Cy, Ga, Rb, Sr, Y, and Nb demonstrated statistically 
significant differences (p<0.05). Comparing to Flood (2019), major oxides and trace elements 
more concentrated in ash than soil samples are MnO, MgO, CaO, K2O, P2O5, Ni, Cu, Zn, Sr, Ba, 
and all REE’s.  
Majority of tree species that dominate the Delaware State Forest consist of oak and maple 
species. The bioaccumulation of trace elements is a key step leading to understanding if different 
tree species are utilizing specific elements for growth or other biological purposes. Flood (2019) 
hypothesized that some elements share similar chemical properties to Ca and Mg due to 
occupying group 2a alkaline earth metals on the periodic table. Both aquatic and terrestrial plants 
are capable of accumulating quantities of trace elements which can be helpful to evaluate which 
different species are taking in specific elements. This also relates to phytoremediation where 




Using phytoremediation processes opposed to chemical or physical processes to remove 
contaminants from an environment would be interesting to investigate.  
Ecological succession is occurring in the 16-Mile Fire area, and vegetation might be 
sequestering major and trace elements from the soils and utilizing for biological functions. 
During sediment sampling, it was noticed that ferns dominated the forest floor, suggesting that 
these plants are colonizing faster than tree species and utilizing growth elements in order to 
thrive. According to Walker & Sharpe (2010), ferns often grow quickly after recently disturbed 
and exposed areas due to wildfires. Ferns can tolerate a wide range of environmental conditions 
and readily flourish due to its dispersed spores that reach very far, especially in windy 
conditions. It would be interesting to collect and analyze ferns for accumulating elements present 
in the soil after a fire. Soil to plant transport of minerals is the main process for uptake of trace 
elements, therefore, if elements still reside in and out of the fire, then there is a possibility 
different vegetation may take from the soils, therefore blocking it from getting into stream 
sediments. Biomonitoring of trace elements is important to assess the forest’s health and further 
research is needed to analyze element concentrations persistence in the area.   
The concentration of elements that are retained by soil depends on its texture, water 
retention and repellency, cation exchange capacity, microbial activity, and the regrowth of 
vegetation (Demeyer et al., 2001). According to Stoof et al., (2010), soil water retention is a 
major factor in post-fire plant regeneration and determines the fate of ash transport within soils. 
Studies by Stoof et al. (2010) and Balfour (2013) confirm ash can indeed wash into soil, 
however, depending on the amount of ash deposited on the ground will dictate the infiltration 
rate. Soil texture is another main component factor in trace elements retention or release. The 




Generally, coarse particles in soil exhibit a lower tendency for trace elements sorption compared 
to fine grained soils (Hooda, 2010). This is due to fine grained soil fractions contain larger 
surface reactivities and areas, for instance, clay minerals are a significant contributor because of 
their cation exchange capacity (Hooda, 2010; Stoof et al., 2010). This is a further reason that 
elements are sequestered in the soil and prevented from getting into stream sediments.  
Darley (2017) demonstrated that fire signatures from the combusted biomass is being 
absorbed into the O, OA, A, and B soil horizons. Higher concentrations were also analyzed in the 
B horizons during the same year of the 16-Mile Fire, unexpected over a short period of time. 
While the effects of fire on soil are generally well studied, little research and information is 
available for hardwood forest on how fire severity influences ash deposition and the retention of 
ash in soils. Future research is needed to demonstrate how ash elements remain within the soils. 
 
4.3.3 Rare Earth Elements (REE’s)  
 
 Rare earth elements seem to follow a similar trend with the major and trace elements. 
Outside the wildfire the REE’s are shown to be higher in concentrations compared to streams 
that are inside the burn area. Darley’s (2017) data showed that most REE’s in the fire soils were 
depleted. REE’s still remain noticeable and are difficult to pinpoint their origin, whether it is due 
to eolian or water overwash ash input or the parent material. In order for REE’s to be present in 
wood ash then these also needs to exist in the soils. The source of REE’s in soils is uncertain as 
the bedrock material is not characterized of REE containing minerals. Few studies have 
investigated the presence of REE’s in streams. REE’s are likely a result of weathering processes 
or transport of suspended REE fractions from other aquatic sources (Leybourne & Johannesson, 




 REE’s concentrations in aquatic environments are related to particle size; generally 
enriched in the clay and silt fractions (Komar et al., 2014). In aquatic environments, the REE 
concentration patterns are relative to the suspended materials that are sensitive to drainage basin 
geology. Ramos et al. (2016) states REEs are typically found in phosphate minerals of igneous 
rocks, however, a speculation as to why it is present in Bushkill watershed stream sediment is 
probably derived from the Wisconsin glaciation event (mentioned in section 2.1). There is a 
possibility the input of glacial material that weathered into the soils and transported over time in 
the nearby streams represents the source of REE concentrations.  
 One possibility is the bioaccumulation of REE’s in vegetation and resulted concentrations 
in ash due to combustion. REE’s behave differently than major and trace elements due to their 
unique chemical characteristics attributed to their s, d, and f orbital interactions (Aide and Aide, 
2012). According to Flood (2019), REE’s do not appear to have important functions in tree 
growth or plant biological functions. However, in order for REE’s to be present in ash, they need 
to exist in the soils, which Aide and Aide (2012) state rare earths abundances are influenced by 
their parent materials. The presence of REE’s is likely derived from the parent material as Darley 
(2017) investigated a similar trend between a control rock (sandstone parent material) and 
REE’s. Both burned soil and stream sediment samples resulted an overall lower concentration in 
all REE’s, which could mean the fire did not have a huge effect in the distribution of rare earths. 
The geochemical history of the REEs in the tributaries along the Bushkill Creek lacks data and 







4.3.4 ICP-MS and XRF Relationship 
 
 The XRF data showed different and contradicting results to the ICP-MS data. As 
previously discussed in section 3.5, the purpose of using XRF was to investigate the stream’s 
sediments element composition and compare these results to ICP-MS. Comparing both methods 
illustrated many differences in element results. Both analytical techniques showed only four 
elements out of 18 elements, four major oxides and 14 trace elements, to strongly correlate with 
one another. One major oxide, K2O, and three trace elements, Rb, Sr, and Ba, shows a strong 
correlation with XRF and ICP-MS (shown in Figures 3.28, 3.29, and 3.30). Several major and 
trace elements seen in both methods were not positively correlated, which demonstrates XRF is 
different from ICP-MS in terms of analyzing data. 
 From these correlations, XRF shows questionable results for element determination in 
stream sediments. However, other results question XRF’s reliability as some elements such as 
Co, Ga, Th, and U show different concentrations compared to ICP-MS. While XRF does not 
detect any concentrations of Co, ICP-MS results a range of 3 to 30 ppm. Similarly, Ga, Th, and 
U shows no detection of element concentration by XRF whereas ICP-MS is consistent in 
showing concentrations for these trace elements. The inconsistency of XRF detecting 
concentrations in elements that ICP-MS is detecting creates results interpreted with caution. 
Indeed, both methods are similar in terms of detecting element concentrations, however, ICP-
MS requires chemical digestion whereas XRF does not. Using a digestion method such as ICP-
MS ensures accurate results and contributes multielement and isotopic analysis due to its high 




suspicious concentrations for certain elements. The ICP-MS will represent this research as it 
shows accuracy and reliability due to its sensitivity during element analysis. 
Both analytical methods are reporting different and inconsistent results likely due to how the 
procedures performed for element analysis. According to Rousseau (2001), XRF reports limit of 
detection, which is the capability to determine whether an element is present or not. Some 
elements did calculate a limit of detection for XRF, yet ICP-MS determine concentrations among 
all elements. XRF and ICP-MS techniques are well suited for multielement determination in soil 
and sediment samples. The main question to take away from these results is how reliable is XRF 
technique in detecting major and trace elements in stream sediments? The results determined by 
XRF should not be dismissed as it helps to understand more about the chemistry of stream 
sediments; however, due to the inconsistencies examined and only four elements correlated with 
ICP-MS, it is concluded that XRF is not reliable. Although XRF is widely accepted for 
environmental use, further evaluation is needed with sufficient samples in order to meet its 







Figure 4.1 A scatterplot correlation matrix illustrating major oxides with high percent weight concentrations plotted against sand, silt, 
and clay percentages inside and outside the fire. For samples inside the fire, Al2O3 correlated with sand (negative) (r=-0.522) and silt 
and clay (positive) (r=0.489 and r=0.311). SiO2 shows no correlation for inside the fire and a positive correlation outside the fire for 









Figure 4.2 A scatterplot correlation matrix illustrating trace elements with the highest concentrations plotted against sand, silt, and 
clay inside and outside the fire. Cu, Zr, and Ba are trace elements in the highest concentrations from ICP-MS. For samples within the 
fire, there was a weak positive correlation for sand for Ba, Zr, and Cu (r=0.382, r=0.323, and r=0.419). For samples outside the fire, 







Figure 4.3 A scatterplot correlation matrix illustrating trace elements with the highest concentrations plotted against sand, silt, and 
clay inside and outside the fire. For samples inside the fire, a weak positive correlation is shown with sand and Ni and Co (r=0.268 
and r=0.381) while silt illustrates a negative correlation. For samples outside the fire, clay particles show a positive correlation for Sr, 







Figure 4.4 A scatterplot correlation matrix illustrating trace elements with the highest concentrations plotted against sand, silt, and 
clay inside and outside the fire. For samples inside the fire, a weak positive correlation is shown for sand particles of Ba, Cu, and Co 
(r=0.382, r=0.419, and r=0.381). Outside the fire, clay particles consist of positive correlations for Ba, Sr, Rb, Cu, Co, and V (r=0.413, 







Figure 4.5 The stream discharge during the month of April 2016, which is when the 16-Mile Fire event occurred. During the month of 
the fire (indicated with a red arrow), 11 days prior to the wildfire event occurring, a large peak is shown which was the highest 
recording for stream discharge and gage height. The mean stream discharge was about 300 to 400 ft3/s, while the discharge was below 






Figure 4.6 Precipitation data for the month of the 16-Mile Fire occurred provided by NOAA National Weather Service (2006). The 
location recorded for precipitation is for Dushore, Pennsylvania, which is near to the 16-Mile Fire area. Data shows a lower than 






Figure 4.7 The gage height and stream discharge during the study period from the end of September of 2018 to August 2019. The 
gage height ranged from 1.4ft to 4.5ft during the year of the sampling period. The months of January, February, and May 2019 show 
the greatest gage height. The monthly discharge during the study period from the end of September of 2018 to August 2019. 
Discharge is measured in cubic feet per second (ft3/s), where it is colored blue. The daily discharged ranged from 40ft3/s to 2000ft3/s 








Figure 4.8 A simple bar graph illustrating the relationship between iron and sulfur within the 
wetland swamps. Iron and sulfur were the two noticeably peaks in the XRF analysis, thus a 
reason to understand how wetland functions utilize each element. A possible redox (reduction-
oxidation) potential process occurs with iron and sulfur, however, its complex chemical reaction 








Figure 4.9 A fire progression map of the 16-Mile Fire detailing the fire spread over a five day 






5.  CONCLUSION 
 
The purpose of this research was to investigate if the fire signatures that are present in Darley 
(2017) burned soil samples exist within stream sediments. It also sets out to find differences in 
element concentrations between stream sediments inside versus outside the 16-Mile Fire. If so, 
what could cause the input of element concentrations in stream’s sediments? The sediment 
samples collected from the Bushkill Creek along with its tributaries within the 16-Mile Fire 
demonstrate the presence of fire signatures of major and trace elements four years following the 
fire event. The overall results reveal a wide range of wildfire effects on stream sediment 
geochemistry and reflect the many variables that influence post-fire hydrological response from 
wood ash inputs. Comparing inside the fire to outside the fire stream sediments show fire 
signatures remain within the area. The overall results show complex geochemical cycling within 
the Delaware State Forest four years after the 16-Mile Fire which is due to numerous reasons. 
It was initially hypothesized that inside the wildfire stream sediments would contain higher 
concentrations in major and trace elements, similar to Darley’s (2017) findings in the soils. 
However, the results indicate outside the wildfire extent contains higher element concentrations, 
thus contradicting the findings of Darley (2017) and the hypothesis. Despite the findings of this 
research contradicts the initial hypothesis, it still provides important results that can explain the 
reasons for these outcomes. Years following the fire, trace and major elements remain in the 
soils and streams. There are several explanations as to why outside the fire contains higher 
concentrations in fire signatures rather than inside the burned zone.  
The fire progression map (see Figure 4.9) showed how the wind grew over a course of five 
days where it moved northeast towards stream BK_5, the furthest site. Wildfire is spotty in 




 Ash fall may have been more predominant yielding higher concentrations. Discovering 
charcoal outside the fire also proves wind played a major role in depositing ash and charred 
material. All sediment samples contained 5 to 10% of charcoal and charred material present, 
which could easily influence the element detection due to grinding sediment into fine powder for 
ICP-MS and XRF analysis. Charcoal in stream sediment is an indicator of fire and a result of 
vegetation combustion. Therefore, these fragments are incorporated into soils of the burn site 
during the fire as well as later settle in aquatic systems by wind or carried by streams. The 
finding of charcoal deserves more research as they indicate records of past fires which is very 
important information for forest fire management to combat future burns.  
The role of particle size in assessing major and trace elements was significant to analyze as it 
may justify an explanation for determining high concentrations outside the fire. The distribution 
and transport of these particles was another component in understanding if elements are moving 
outside the fire vicinity or remaining in the streams. The concentrations of trace elements were 
detected from collecting the top few centimeters of bottom sediment with little streamflow 
occurring in outside the fire streams. Streamflow was recorded higher inside the fire and could 
likely result in moving elements attach to particles out of the fire area, thus showing lower 
element concentrations. Although particle size shows no correlation with elements, except for 
elements detected by XRF, it confirms that this assumption was not the reason for analyzing high 
concentrations in BK_5. However, the chemical characteristics of water and how elements 
behave in streams was another key component to investigate if different elements are soluble or 
insoluble.  
The mobility, solubility, and bioaccumulation of trace elements depends on several factors, 




can determine the likelihood and extent of their environmental impacts as elements can migrate 
to other soil compartments, leach through the soil profile, or uptake by vegetation (Hooda, 2010). 
Most oxides are insoluble in water and soil; however, accompanying carbonate ions will form 
metal carbonates that may be sparingly soluble. Analyzing low concentrations in and out of the 
fire for major oxides could be due to becoming more soluble due to pH or bonded with a sulfate, 
therefore, removed from the streams. However, the majority of trace elements in water are 
insoluble, which results in these high concentrations are remaining outside the burn streams and 
not getting out of the hydrology system.  
Using GIS analysis of watershed delineation, a DEM was able to show the percentage of 
each sub-basin intersecting the fire area and give an understanding of why concentrations differ 
between streams inside and outside. As previously mentioned, the spottiness of the wildfire will 
also impact the location of each watershed. Not all areas within the wildfire will have a 
significant burn therefore a watershed that lies within a less severe burn impact will likely result 
in less charcoal or element concentration input. The DEM determined BK_5 was the only stream 
site to not overlap with the fire area and with the progression map illustrating the direction of 
wind movement demonstrates a reasonable explanation of why outside contains higher 
concentrations. 
 Perhaps major and trace elements tend to be less mobile and are retained within the nearby 
soils or vegetation absorbed for growth benefits. Darley (2017) noted certain elements such as 
Cu and Ba are remaining within the soil horizon, wherein some sites the concentrations are 
moving vertically down through the soil horizons. This conclusion can be made based on the fire 




throughout the sub-basins. Further research needs to be done to investigate how far fire 
signatures will reside as well as to confirm these speculations.  
Plants require nutrients, that can include major and trace elements, for growth. The uptake of 
trace elements can influence the ash chemistry after a fire event occurs, resulting in a 
redistribution of elements back into the environment. Flood (2019) tested this theory by 
analyzing the ash composition by burning certain tree species in search of chemical variability. 
Indeed, certain tree species have preferential element uptake which can benefit this research by 
analyzing the biogeochemical cycling amongst the native or invasive species surrounding the 
area of the 16-Mile Fire for further results. Four years following the 16-Mile Fire event, 
examining ecological succession in a fire-prone environment can provide useful insight on the 
replacement of the biological community. Since the fire event, it was noted that ferns have 
dominated the burned area and seem to have become well established. In the absence of further 
fires, the ferns were able to develop a large population due to low competition for site resources 
and the slow growth from native oak species. It would be interesting to further investigate how 
ferns as well as other vegetation are functioning in the site area to predict the effects or attributes 
these species have on the environment, specifically if they are utilizing the available trace 
elements for nutritional purposes. Using phytoremediation processes to further eliminate or 
reduce contaminants in the environment should also be considered in the future.    
The wetlands present in this project also function differently in terms of how they are 
behaving towards trace elements. Notably, wetlands are sensitive ecosystems while the 
vegetation species in them are quite resilient to disturbances. Wetlands are known to sequester 
and act as a filter to cleanse the waters. Wetland plant species act similarly as terrestrial 




environment. The wetlands inside and outside the burn showed low concentrations compared to 
other tributaries. It is very likely wetland functioning is the main reason for analyzing lower 
element concentrations. Moreover, since the wetlands are located downstream from the other 
tributaries, specifically site BK_7 More research needs to assess the surrounding tree species 
along with wetland plants by analyzing their ash content to confirm these elements are present.  
Controlled forest fires would also be interesting to investigate in the future as it is a useful 
application of fire to manage an environment. The Delaware State Forest works to minimize and 
prevent larger wildfires in which many volunteer fire companies contribute to practicing 
prescribed fires. The Delaware State Forest conducts prescribed fires in order to provide benefits 
to the environment by eliminating existing fuel loads, clean the forest floor of debris, promote 
healthier trees, and increase water availability. As the Delaware State Forest continues its 
prescribed burns, it would be intriguing to utilize prescribed burns for future projects and analyze 
any potential influence on stream sediments.  
 The data reported here are preliminary and the first results on sediment chemistry in the 
16-Mile Fire research, as more samples are analyzed it could portray a better understanding 
where fire signatures reside. The speculations and assumptions reported here is to verify as well 
as grasp a better idea of why outside streams would show prominent element concentrations. 
This project represents a small piece that contributes to a larger puzzle of the 16-Mile Fire 
research which continues to explore new discoveries. It verifies the hypothesis that Cu, Ba, Zr, 
and Sr are signatures found in burned soils that stem from the mineral ash influx to soil. Further 
studies need to assess the solubility, mobility, and bioaccumulation of these elements throughout 
the 16-Mile Fire area, including aquatic environments. As climate change leads to drier and 




on a global scale. Forest fires are an increasing threat not only for the west coast but also for the 
eastern part of the United States. The culmination of these studies can unravel new developments 
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Figure A Three different images of charcoal pieces within the dried sediment samples. Noticeable small fragments of charcoal present 
in sediment sample site 16MF_BK_7_3, which is located inside the wildfire (A). Majority of all sediment samples contained rocky-like 
particle size with few charred or burned rock pieces existing in the sample (B). A sample from outside the fire, 16MF_BK_5_2, contained 









Figure B A stream sediment sample illustrating charcoal fragments and many organic matter 
pieces within the sample. All sediment samples contained organic matter fragments where many 











Figure C.1 Trace element concentrations (ppm) among sites inside and outside the 16-Mile wildfire. Colored lines represent each 
sediment sample site from all five streams. Y axis in logarithmic scale and X axis represents trace elements increasing by atomic 
weight. Elements presented on the X axis contain very low concentrations that ranged between 0 to 10 ppm. Results show a similar 
pattern between inside and outside the fire stream sediment samples. Pb exhibits the highest concentrations, specifically for outside the 
fire where it ranges from 8 to 21 ppm, whereas in the burn ranges from 8 to 19 ppm. Again, 16MF_BK_5 shows the highest element 









Figure C.2 Trace element concentrations (ppm) among sites inside and outside the 16-Mile wildfire. Colored lines represent each 
sediment sample site from all five streams. Y axis in logarithmic scale and X axis represents trace elements increasing by atomic 
weight. Elements presented on the X axis contain moderate concentrations that ranged between 10 to 100 ppm. Results show high 
element concentration for Ni, Zn, Rb, and Sr among all sample sites. Inside and outside the fire, Co shows a variation among stream 
sediment samples. Majority of the trace elements appear to show the highest element concentration among samples in site 








Figure C.3 Trace element concentrations (ppm) among sites inside and outside the 16-Mile wildfire. Colored lines represent each 
sediment sample site from all five streams. Y axis in logarithmic scale and X axis represents trace elements with very high 
concentrations that ranged between 500 to 1900 ppm. Sediment sample sites 16MF_BK_7 (inside) and 16MF_BK_5 (outside) show 
higher element concentrations for Ba and Cu. Outside compared to inside resulted an overall higher concentration range for Ba, Zr, 





Auxiliary Data: Complete Tables and Supplemental Graphs for XRF Major Oxides and Trace 
Element Results  
 
 
Table D.1 X-ray fluorescence spectroscopy results on major oxide concentrations in normalized 
weight percent for all samples.  
 
Sample ID Stream Site # Fire Impact MgO AL2O3 K2O SiO2
16MF_HS_1 High Swamp 2 Unburned 0.74 1.84 0.56 17.27
16MF_HS_3 High Swamp 2 Unburned 0.70 1.74 0.65 16.67
16MF_PS_4 Pine Swamp 2 Burned 0.68 1.95 0.68 13.74
16MF_PS_5 Pine Swamp 2 Burned 0.74 1.55 0.63 12.19
16MF_PS_6 Pine Swamp 2 Burned 0.71 1.75 0.58 17.25
16MF_PS_7 Pine Swamp 2 Burned 0.80 1.34 0.44 16.59
16MF_PS_8 Pine Swamp 2 Burned 0.74 1.75 0.55 16.96
16MF_PS_9 Pine Swamp 2 Burned 0.77 1.79 0.63 15.71
16MF_PS_10 Pine Swamp 2 Burned 0.00 1.86 0.70 13.38
16MF_BK_5_1 Bushkill Creek 5 Unburned 0.78 2.72 1.14 15.32
16MF_BK_5_2 Bushkill Creek 5 Unburned 0.87 2.43 1.01 13.80
16MF_BK_5_3 Bushkill Creek 5 Unburned 0.79 2.32 0.94 13.32
16MF_BK_7_1 Bushkill Creek 7 Burned 0.82 1.93 0.67 19.29
16MF_BK_7_2 Bushkill Creek 7 Burned 0.72 1.80 0.65 15.57
16MF_BK_7_2_2 Bushkill Creek 7 Burned 0.66 2.10 0.61 18.12
16MF_BK_7_3 Bushkill Creek 7 Burned 0.78 1.64 0.62 15.18
16MF_BK_12_1 Bushkill Creek 12 Unburned 0.52 1.19 0.40 21.51
16MF_BK_12_2 Bushkill Creek 12 Unburned 0.75 1.42 0.49 21.34







Table D.2 X-ray fluorescence spectroscopy results on trace concentrations in ppm for all samples. Elements that resulted below the 
limit of detection are shown as zero. Elements are ordered by increasing atomic weight, which continues to the following table.  
Sample ID Stream Site # Fire Impact P S Ca Ti Cr Mn Fe Co Ni Cu Zn
16MF_HS_1 High Swamp 2 Unburned 0.00 1761.00 1238.00 3001.00 31.00 351.00 7952.00 0.00 15.00 235.00 72.00
16MF_HS_3 High Swamp 2 Unburned 329.00 1361.00 1220.00 3617.00 34.00 1724.00 14631.00 0.00 17.00 149.00 80.00
16MF_PS_4 Pine Swamp 2 Burned 381.00 1805.00 1797.00 3019.00 27.00 144.00 6564.00 0.00 13.00 186.00 65.00
16MF_PS_5 Pine Swamp 2 Burned 466.00 3585.00 3503.00 3241.00 33.00 194.00 9411.00 0.00 31.00 425.00 163.00
16MF_PS_6 Pine Swamp 2 Burned 293.00 2199.00 2141.00 3533.00 39.00 226.00 7466.00 0.00 12.00 851.00 204.00
16MF_PS_7 Pine Swamp 2 Burned 322.00 1030.00 1329.00 2392.00 34.00 307.00 4335.00 0.00 15.00 481.00 108.00
16MF_PS_8 Pine Swamp 2 Burned 522.00 3165.00 2992.00 3418.00 36.00 147.00 6139.00 0.00 16.00 1416.00 319.00
16MF_PS_9 Pine Swamp 2 Burned 569.00 3973.00 3801.00 2963.00 21.00 145.00 6479.00 0.00 14.00 612.00 198.00
16MF_PS_10 Pine Swamp 2 Burned 732.00 5630.00 4588.00 3037.00 31.00 136.00 11580.00 0.00 36.00 597.00 314.00
16MF_BK_5_1 Bushkill Creek 5 Unburned 2415.00 1513.00 4488.00 3420.00 28.00 936.00 29266.00 0.00 23.00 219.00 142.00
16MF_BK_5_2 Bushkill Creek 5 Unburned 2809.00 1824.00 4394.00 3470.00 31.00 16201.00 36327.00 0.00 38.00 672.00 418.00
16MF_BK_5_3 Bushkill Creek 5 Unburned 1519.00 1702.00 2276.00 3502.00 36.00 8076.00 44082.00 0.00 48.00 579.00 401.00
16MF_BK_7_1 Bushkill Creek 7 Burned 290.00 515.00 545.00 2797.00 0.00 1752.00 19839.00 0.00 13.00 577.00 104.00
16MF_BK_7_2 Bushkill Creek 7 Burned 512.00 409.00 1264.00 3007.00 0.00 4814.00 22161.00 0.00 25.00 537.00 273.00
16MF_BK_7_2_2 Bushkill Creek 7 Burned 254.00 202.00 807.00 3627.00 0.00 2678.00 20120.00 0.00 13.00 258.00 120.00
16MF_BK_7_3 Bushkill Creek 7 Burned 510.00 235.00 1798.00 2396.00 0.00 8502.00 21335.00 0.00 34.00 320.00 256.00
16MF_BK_12_1 Bushkill Creek 12 Unburned 0.00 371.00 378.00 1723.00 0.00 462.00 6985.00 0.00 6.00 33.00 31.00
16MF_BK_12_2 Bushkill Creek 12 Unburned 0.00 347.00 740.00 1851.00 0.00 107.00 7769.00 0.00 6.00 37.00 35.00









Sample ID Stream Site # Fire Impact Ga As Se Rb Sr Y Zr Ba Pb Th U
16MF_HS_1 High Swamp 2 Unburned 0.00 0.00 0.00 34.00 38.00 42.00 1369.00 88.00 16.00 0.00 0.00
16MF_HS_3 High Swamp 2 Unburned 5.00 11.00 0.00 54.00 43.00 30.00 779.00 189.00 32.00 0.00 0.00
16MF_PS_4 Pine Swamp 2 Burned 8.00 6.00 0.00 49.00 42.00 21.00 391.00 75.00 18.00 0.00 0.00
16MF_PS_5 Pine Swamp 2 Burned 9.00 17.00 0.00 59.00 43.00 20.00 285.00 99.00 48.00 0.00 0.00
16MF_PS_6 Pine Swamp 2 Burned 0.00 0.00 0.00 50.00 39.00 26.00 904.00 71.00 23.00 0.00 0.00
16MF_PS_7 Pine Swamp 2 Burned 0.00 6.00 0.00 37.00 32.00 16.00 344.00 66.00 18.00 0.00 0.00
16MF_PS_8 Pine Swamp 2 Burned 0.00 8.00 0.00 42.00 39.00 19.00 413.00 94.00 29.00 0.00 0.00
16MF_PS_9 Pine Swamp 2 Burned 6.00 8.00 0.00 48.00 44.00 19.00 320.00 108.00 30.00 0.00 0.00
16MF_PS_10 Pine Swamp 2 Burned 0.00 16.00 0.00 63.00 40.00 14.00 169.00 121.00 54.00 0.00 0.00
16MF_BK_5_1 Bushkill Creek 5 Unburned 6.00 5.00 0.00 73.00 52.00 26.00 422.00 244.00 33.00 0.00 0.00
16MF_BK_5_2 Bushkill Creek 5 Unburned 8.00 19.00 0.00 82.00 64.00 24.00 572.00 1024.00 49.00 0.00 0.00
16MF_BK_5_3 Bushkill Creek 5 Unburned 0.00 26.00 0.00 85.00 45.00 24.00 1067.00 596.00 78.00 0.00 0.00
16MF_BK_7_1 Bushkill Creek 7 Burned 5.00 7.00 0.00 47.00 32.00 19.00 371.00 116.00 10.00 0.00 0.00
16MF_BK_7_2 Bushkill Creek 7 Burned 0.00 0.00 0.00 57.00 38.00 27.00 1165.00 210.00 27.00 0.00 0.00
16MF_BK_7_2_2 Bushkill Creek 7 Burned 0.00 11.00 0.00 37.00 32.00 33.00 1117.00 185.00 12.00 0.00 0.00
16MF_BK_7_3 Bushkill Creek 7 Burned 5.00 13.00 0.00 50.00 34.00 23.00 509.00 247.00 20.00 0.00 0.00
16MF_BK_12_1 Bushkill Creek 12 Unburned 0.00 0.00 0.00 24.00 20.00 14.00 550.00 72.00 38.00 0.00 0.00
16MF_BK_12_2 Bushkill Creek 12 Unburned 0.00 0.00 0.00 28.00 22.00 12.00 342.00 75.00 8.00 0.00 0.00






Figure D.1 XRF analysis of sediment samples inside and outside the wildfire extent. Y axis is in logarithmic scale and X axis shows 
sample site identification. Six different elements such as S, Ca, Ti, Mn, Fe, and Ba that resulted high ppm concentrations compared to 
other elements. This graph provides a different illustration to compare to other elements with high concentrations. Majority of 
sediment sampled sites were significantly enriched in Fe concentration ranging from 6,985 to 44,082 ppm. All three samples from Site 
16MF_BK_5 have noticeably higher Fe concentrations compared to the rest. Elements Ca, Mn, Fe, and Ba also resulted statistically 








Figure D.2 XRF analysis on elements inside versus outside the fire. Y axis is in logarithmic scale and X axis shows sample site 
identification. These 18 trace elements detected by XRF resulted slightly lower ppm concentrations compared to Fe, Mn, S, and Ca, 
which were above 5,000 ppm. Inside and outside the fire shows Ti to be the highest trace element. Outside the fire shows a higher P 
concentration, specifically at the control site, BK_5. A major difference between the two fire impacts is inside the burn at sample site 
PS_8 shows the highest Cu concentration, 1416 ppm, whereas outside the burn results 672 ppm. Other elements such as Cr, Ni, As, 









Table E.1 Results of analysis of variance for all major oxides detected by ICP-MS. Results show 
SiO2, Al2O3, Fe2O3, MnO, K2O, and P2O5 are all statistically significant (p<0.05) elements 
comparing inside and outside the fire sediments.  
 
 
Sum of Squares df Mean Squares F Sig. 
Between Groups 324.75 2 162.375 20.327 0.000
Within Groups 127.812 16 7.988
Total 452.562 18
Between Groups 0.098 2 0.049 2.765 0.930
Within Groups 0.284 16 0.018
Total 0.382 18
Between Groups 30.221 2 15.11 5.259 0.018
Within Groups 45.976 16 2.874
Total 76.197 18
Between Groups 61.992 2 30.996 17.622 0.000
Within Groups 28.143 16 1.759
Total 90.136 18
Between Groups 4.987 2 2.493 10.608 0.001
Within Groups 3.761 16 0.235
Total 8.748 18
Between Groups 2.566 2 1.283 2.110 0.154
Within Groups 9.725 16 0.608
Total 12.291 18
Between Groups 0.003 2 0.002 0.128 0.880
Within Groups 0.205 16 0.013
Total 0.208 18
Between Groups 0.102 2 0.051 3.558 0.053
Within Groups 0.230 16 0.014
Total 0.332 18
Between Groups 3.844 2 1.922 23.201 0.000
Within Groups 1.326 16 0.083
Total 5.17 18
Between Groups 0.158 2 0.079 15.646 0.000


















Table E.2 Results of analysis of variance for ten trace elements detected by ICP-MS. A total of 
20 trace elements are present from ICP-MS analysis, however, split into two separate tables. This 
first table shows Sc, V, Cr, Co, Cu, Ga, Rb, and Sr are statistically significant (p<0.05) elements.  
Sum of Squares df Mean Squares F Sig. 
Between Groups 35.270 2 17.635 4.719 0.024
Within Groups 59.793 16 3.737
Total 95.063 18
Between Groups 2294.106 2 1147.053 6.081 0.011
Within Groups 3018.004 16 188.625
Total 5312.11 18
Between Groups 1641.757 2 820.879 11.701 0.001
Within Groups 1122.444 16 70.153
Total 2764.201 18
Between Groups 818.189 2 409.094 8.812 0.003
Within Groups 742.766 16 46.423
Total 1560.954 18
Between Groups 435.472 2 217.736 0.816 0.460
Within Groups 4268.149 16 266.759
Total 4703.621 18
Between Groups 734111.723 2 367055.862 18.747 0.000
Within Groups 313279.121 16 19579.945
Total 1047390.844 18
Between Groups 4084.595 2 2042.298 2.894 0.085
Within Groups 11291.300 16 705.706
Total 15375.896 18
Between Groups 27.561 2 13.781 12.291 0.001
Within Groups 17.939 16 1.121
Total 45.500 18
Between Groups 4900.987 2 2450.494 16.624 0.000
Within Groups 2358.581 16 147.411
Total 7259.568 18
Between Groups 1977.996 2 988.998 9.227 0.002


















Table E.3 Results of analysis of variance for ten trace elements detected by ICP-MS. A total of 
20 trace elements are present from ICP-MS analysis, however, split into two separate tables. This 
second table shows Y, Nb, Ba, and Th are statistically significant (p<0.05) elements comparing 







Sum of Squares df Mean Squares F Sig. 
Between Groups 464.510 2 232.255 6.958 0.007
Within Groups 534.052 16 33.378
Total 998.562 18
Between Groups 616796.893 2 308398.447 1.709 0.213
Within Groups 2887733.99 16 180483.374
Total 3504530.883 18
Between Groups 62.466 2 31.233 5.074 0.020
Within Groups 98.493 16 6.156
Total 160.959 18
Between Groups 3.092 2 1.546 0.614 0.553
Within Groups 40.289 16 2.518
Total 43.381 18
Between Groups 1514945.623 2 757472.812 4.723 0.024
Within Groups 2566025.287 16 160376.58
Total 4080970.91 18
Between Groups 280.272 2 140.136 1.842 0.191
Within Groups 1217.248 16 76.078
Total 1497.520 18
Between Groups 0.000 2 0.000
Within Groups 0.000 16 0.000
Total 0.000 18
Between Groups 40.658 2 20.329 1.010 0.386
Within Groups 321.948 16 20.122
Total 362.605 18
Between Groups 39.859 2 19.930 3.778 0.045
Within Groups 84.406 16 5.275
Total 124.265 18
Between Groups 3.068 2 1.534 2.043 0.162




















Table F.1 Results of Tukey’s HSD post hoc test for ICP-MS major oxides. All major oxides 
show no statistically significant differences between inside and outside the fire groups (p>0.05). 
Various major oxides such as SiO2, Fe2O3, K2O, and P2O5 show statistically significant 
differences between control site BK_5 and inside the fire sample sites (p<0.005).  
(I) Burn (J) Burn Mean Difference (I-J) Std. Error Sig. Lower Bound Upper Bound
Inside -9.36439* 1.84091 0.000 -14.1146 -4.6142
Outside -13.01827* 2.06407 0.000 -18.3443 -7.6923
Control 9.36439* 1.84091 0.000 4.6142 14.1146
Outside -3.65387 1.52442 0.071 -7.5874 0.2796
Control 13.01827* 2.06407 0.000 7.6923 18.3443
Inside 3.65387 1.52442 0.071 -0.2796 7.5874
Inside 0.19909 0.08674 0.085 -0.0247 0.4229
Outside 0.19200 0.09726 0.151 -0.0590 0.443
Control -0.19909 0.08674 0.085 -0.4229 0.0247
Outside -0.00709 0.07183 0.995 -0.1924 0.1783
Control -0.19200 0.09726 0.151 -0.443 0.059
Inside 0.00709 0.07183 0.995 -0.1783 0.1924
Inside 1.47336 1.10411 0.397 -1.3756 4.3223
Outside 3.76800* 1.23796 0.002 0.5737 6.9623
Control -1.47336 1.10411 0.397 -4.3223 1.3756
Outside 2.29464 0.91429 0.057 -0.0645 4.6538
Control -3.76800* 1.23796 0.002 -6.9623 -0.5737
Inside -2.29464 0.91429 0.057 -4.6538 0.0645
Inside 4.79012* 0.86384 0.000 2.5611 7.0191
Outside 5.22867* 0.96856 0.000 2.7295 7.7279
Control -4.79012 0.86384 0.000 -7.0191 -2.5611
Outside 0.43855 0.71533 0.815 -1.4072 2.2843
Control -5.22867 0.96856 0.000 -7.7279 -2.7295
Inside -0.43855 0.71533 0.815 -2.2843 1.4072
Inside 0.94524 0.50807 0.182 -0.3657 2.2562
Outside 1.09473 0.56965 0.165 -0.3752 2.5646
Control -0.94524 0.50807 0.182 -2.2562 0.3657
Outside 0.14949 0.42072 0.933 -0.9361 1.2351
Control -1.09473 0.56965 0.165 -2.5646 0.3752
Inside -0.14949 0.42072 0.933 -1.2351 0.9361
Inside 0.03706 0.07372 0.871 -0.1532 0.2273
Outside 0.02533 0.08266 0.950 -0.188 0.2386
Control -0.03706 0.07372 0.871 -0.2273 0.1532
Outside -0.01173 0.06105 0.980 -0.1692 0.1458
Control -0.02533 0.08266 0.950 -0.2386 0.188
Inside 0.01173 0.06105 0.980 -0.1458 0.1692
Inside 0.06879 0.07810 0.660 -0.1327 0.2703
Outside 0.21133 0.08756 0.069 -0.0146 0.4373
Control -0.06879 0.07810 0.660 -0.2703 0.1327
Outside 0.14255 0.06467 0.101 -0.0243 0.1327
Control -0.21133 0.08756 0.069 -0.4373 0.3094
Inside -0.14255 0.06467 0.101 -0.3094 0.0243
Inside 1.04000 0.18748 0.000 0.5562 1.5238
Outside 1.41000 0.21021 0.000 0.8676 1.9524
Control -1.04000 0.18748 0.000 -1.5238 -0.5562
Outside 0.37000 0.15525 0.073 -0.0306 0.7706
Control -1.41000 0.21021 0.000 -1.9524 -0.8676
Inside -0.37000 0.15525 0.073 -0.7706 0.0306
Inside 0.21394 0.04628 0.001 0.0945 0.3333
Outside 0.28467 0.05189 0.000 0.1508 0.4185
Control -0.21394 0.04628 0.001 -0.3333 -0.0945
Outside 0.07073 0.03832 0.187 -0.0282 0.1696
Control -0.28467 0.05189 0.000 -0.4185 -0.1508












































Table F.2 Results of Tukey’s HSD post hoc test for ICP-MS trace elements. A total of 20 trace 
elements are present from ICP-MS analysis, however, split into two separate tables. All trace 
elements in this first table shows no statistically significant differences between inside and 
outside the fire groups (p>0.05). Various elements such as Sc, V, Cr, Co, Ga, Rb, and Sr show 
statistically significant differences between control site BK_5 and inside the fire sample sites 
(p<0.005). 
(I) Burn (J) Burn Mean Difference (I-J) Std. Error Sig. Lower Bound Upper Bound
Inside 3.35182* 1.25914 0.043 0.1028 6.6008
Outside 4.17800* 1.41177 0.024 0.5352 7.8208
Control -3.35182* 1.25914 0.043 -6.6008 -0.1028
Outside 0.82618 1.04266 0.713 -1.8642 3.5166
Control -4.17800* 1.41177 0.024 -7.8208 -0.5352
Inside -0.82618 1.04266 0.713 -3.5166 1.8642
Inside 28.59424* 8.94555 0.015 5.5118 51.6767
Outside 32.44533* 10.02996 0.014 6.5647 58.326
Control -28.59424* 8.94555 0.015 -51.6767 -5.5118
Outside 3.85109 7.40762 0.863 -15.263 22.9652
Control -32.44533* 10.02996 0.014 -58.326 -6.5647
Inside -3.85109 7.40762 0.863 -22.9652 15.263
Inside 22.23152* 5.45543 0.002 8.1547 36.3083
Outside 28.84333* 6.11676 0.001 13.0601 44.6266
Control -22.23152* 5.45543 0.002 -36.3083 -8.1547
Outside 6.61182 4.51753 0.334 -5.0449 18.2685
Control -28.84333* 6.11676 0.001 -44.6266 -13.0601
Inside -6.61182 4.51753 0.334 -18.2685 5.0449
Inside 18.07152* 4.43785 0.002 6.6204 29.5226
Outside 17.82333* 4.97583 0.007 4.9841 30.6626
Control -18.07152* 4.43785 0.002 -29.5226 -6.6204
Outside -0.24818 3.67489 0.997 -9.7306 9.2343
Control -17.82333* 4.97583 0.007 -30.6626 -4.9841
Inside 0.24818 3.67489 0.997 -9.2343 9.7306
Inside 9.286 10.75154 0.670 -18.4565 37.0285
Outside -0.44667 11.54901 0.999 -30.2469 29.3536
Control -9.286 10.75154 0.670 -37.0285 18.4565
Outside -9.73267 8.43421 0.496 -31.4957 12.0304
Control 0.44667 11.54901 0.999 -29.3536 30.2469
Inside 9.73267 8.43421 0.496 -12.0304 31.4957
Inside 38.42424 17.30291 0.098 -6.2230 83.0715
Outside 42.99933 19.40043 0.099 -7.0602 93.0589
Control -38.42424 17.30291 0.098 -83.0715 6.2230
Outside 4.57509 14.32817 0.946 -32.3963 41.5465
Control -42.99933 19.40043 0.099 -93.0589 7.0602
Inside -4.57509 14.32817 0.946 -41.5465 32.3963
Inside 3.17242* 0.68967 0.001 1.3928 4.9520
Outside 3.51333 0.77328 0.001 1.5180 5.5086
Control -3.17242* 0.68967 0.001 -4.9520 -1.3928
Outside 0.34091 0.57110 0.824 -1.1327 1.8145
Control -3.51333* 0.77328 0.001 -5.5086 -1.5180
Inside -0.34091 0.57110 0.824 -1.8145 1.1327
Inside 37.82636* 7.90811 0.001 17.4208 58.2319
Outside 50.08800* 8.86676 0.000 27.2088 72.9672
Control -37.82636* 7.90811 0.001 -58.2319 -17.4208
Outside 12.26164 6.54853 0.179 -4.6357 29.159
Control -50.08800* 8.86676 0.000 -72.9672 -27.2088
Inside -12.26164 6.54853 0.179 -29.159 4.6357
Inside 24.90909* 6.74321 0.005 7.5094 42.3088
Outside 31.40000* 7.56064 0.002 11.891 50.909
Control -24.90909* 6.74321 0.005 -42.3088 -7.5094
Outside 6.49091 5.58391 0.491 -7.9174 20.8992
Control -31.40000* 7.56064 0.002 -50.909 -11.891












































Table F.3 Results of Tukey’s HSD post hoc test for ICP-MS trace elements. A total of 20 trace 
elements are present from ICP-MS analysis, however, split into two separate tables. All trace 
elements in this second table shows no statistically significant differences between inside and 
outside the fire groups (p>0.05). Various elements such as Y, Nb, Ba, and Th show statistically 
significant differences between control site BK_5 and inside the fire sample sites (p<0.005). 
Trace element Ta did not show any data for analysis of variance.  
(I) Burn (J) Burn Mean Difference (I-J) Std. Error Sig. Lower Bound Upper Bound
Inside 14.01212* 3.76304 0.005 4.3022 23.7220
Outside 11.69067* 4.21921 0.034 0.8037 22.5776
Control -14.01212* 3.76304 0.005 -23.7220 -4.3022
Outside -2.32145 3.11609 0.741 -10.3620 5.7191
Control -11.69067* 4.21921 0.034 -22.5776 -0.8037
Inside 2.32145 3.11609 0.741 -5.7191 10.3620
Inside 385.57485 276.71051 0.368 -328.4298 1099.5795
Outside 34.06667 310.25441 0.993 -766.4924 834.6257
Control -385.57485 276.71051 0.368 -1099.5795 328.4298
Outside -351.50818 229.13807 0.302 -942.7602 239.7439
Control -34.06667 310.25441 0.993 -834.6257 766.4924
Inside 351.50818 229.13807 0.302 -239.7439 942.7602
Inside 5.10212* 1.61603 0.016 0.9322 9.2720
Outside 4.55667 1.81194 0.057 -0.1187 9.2321
Control -5.10212* 1.61603 0.016 -9.2720 -0.9322
Outside -0.54545 1.33820 0.913 -3.9985 2.9076
Control -4.55667 1.81194 0.057 -9.2321 0.1187
Inside 0.54545 1.33820 0.913 -2.9076 3.9985
Inside 0.21485 1.03357 0.976 -2.4521 2.8818
Outside 1.06867 1.15886 0.635 -1.9216 4.0589
Control -0.21485 1.03357 0.976 -2.8818 2.4521
Outside 0.85382 0.85588 0.589 -1.3546 3.0623
Control -1.06867 1.15886 0.635 -4.0589 1.9216
Inside -0.85382 0.85588 0.589 -3.0623 1.3546
Inside 752.12152* 260.842 0.028 79.0628 1425.1802
Outside 812.93333* 292.46226 0.034 58.2839 1567.5827
Control -752.12152* 260.842 0.028 -1425.1802 -79.0628
Outside 60.81182 215.9977 0.957 -496.5337 618.1573
Control -812.93333* 292.46226 0.034 -1567.5827 -58.2839
Inside -60.81182 215.9977 0.957 -618.1573 496.5337
Inside 4.15212 2.92173 0.354 -3.3869 11.6911
Outside 3.33667 3.27591 0.576 -5.1163 11.7896
Control -4.15212 2.92173 0.354 -11.6911 3.3869
Outside -0.81545 2.41942 0.940 -7.0584 5.4275
Control -3.33667 3.27591 0.576 -11.7896 5.1163
Inside 0.81545 2.41942 0.940 -5.4275 7.0584
Inside 4.01000* 1.49601 0.041 0.1498 7.8702
Outside 2.42200 1.67736 0.343 -1.9061 6.7501
Control -4.01000* 1.49601 0.041 -7.8702 -0.1498
Outside -1.58800 1.23881 0.425 -4.7845 1.6085
Control -2.42200 1.67736 0.343 -6.7501 1.9061
Inside 1.58800 1.23881 0.425 -1.6085 4.7845
Inside 1.09970 0.56437 0.158 -0.3566 2.5560
Outside 0.62133 0.63279 0.598 -1.0115 2.2541
Control -1.09970 0.56437 0.158 -2.5560 0.3566
Outside -0.47836 0.46734 0.573 -1.6843 0.7275
Control -0.62133 0.63279 0.598 -2.2541 1.0115












































Table G.1 Results of analysis of variance for rare earth elements (REE’s) detected by ICP-MS. 
A total of 14 REE’s are present from ICP-MS analysis. This first table shows Dy, Ho, Er, Yb, 
and Lu are statistically significant (p<0.05) elements.  
Sum of Squares df Mean Squares F Sig. 
Between Groups 5118.416 2 2559.208 1.602 0.232
Within Groups 25562.255 16 1597.641
Total 30680.672 18
Between Groups 5359.271 2 2679.635 1.680 0.218
Within Groups 25515.879 16 1594.742
Total 30875.149 18
Between Groups 3877.870 2 1938.935 1.708 0.213
Within Groups 18162.127 16 1135.133
Total 22039.997 18
Between Groups 3433.567 2 1716.784 1.817 0.195
Within Groups 15120.184 16 945.012
Total 18553.752 18
Between Groups 2032.143 2 1016.071 2.527 0.111
Within Groups 6432.594 16 402.037
Total 8464.737 18
Between Groups 192.916 2 96.458 1.470 0.259
Within Groups 1049.696 16 65.606
Total 1242.612 18
Between Groups 164.090 2 82.045 1.880 0.185
Within Groups 698.423 16 43.651
Total 862.513 18
Between Groups 102.531 2 51.266 3.316 0.062
Within Groups 247.329 16 15.458
Total 349.860 18
Between Groups 85.832 2 42.916 5.780 0.013
Within Groups 118.800 16 7.425
Total 204.632 18
Between Groups 75.920 2 37.960 6.738 0.008
Within Groups 90.141 16 5.634
Total 166.062 18
Between Groups 66.615 2 33.308 4.864 0.022
Within Groups 109.573 16 6.848
Total 176.188 18
Between Groups 41.448 2 20.724 2.591 0.106
Within Groups 127.999 16 8.000
Total 169.447 18
Between Groups 77.412 2 38.706 5.542 0.015
Within Groups 111.745 16 6.984
Total 189.158 18
Between Groups 78.194 2 39.097 3.934 0.041






















Table G.2 Results of Tukey’s HSD post hoc test for ICP-MS rare earth elements (REE’s). A 
total of 14 REE’s are present from ICP-MS analysis, however, split into two separate tables. All 
REE’s in this first table shows no statistically significant differences between inside and outside 
the fire groups (p>0.05).  
(I) Burn (J) Burn Mean Difference (I-J) Std. Error Sig. Lower Bound Upper Bound
Inside 29.74545 26.03434 0.503 -37.4318 96.9227
Outside -5.32000 29.19033 0.982 -80.6407 70.0007
Control -29.74545 26.03434 0.503 -96.9227 37.4318
Outside -35.06545 21.55849 0.264 -90.6935 20.5626
Control 5.32000 29.19033 0.982 -70.0007 80.6407
Inside 35.06545 21.55849 0.264 -20.5626 90.6935
Inside 26.26667 26.01072 0.581 -40.8496 93.3829
Outside -11.19333 29.16384 0.922 -86.4457 64.0590
Control -26.26667 26.01072 0.581 -93.3829 40.8496
Outside -37.46000 21.53892 0.222 -93.0375 18.1175
Control 11.19333 29.16384 0.922 -64.0590 86.4457
Inside 37.46000 21.53892 0.222 -18.1175 93.0375
Inside 18.16667 21.94474 0.692 -38.4580 74.7914
Outside -14.73333 24.60496 0.823 -78.2223 48.7556
Control -18.16667 21.94474 0.692 -74.7914 38.4580
Outside -32.90000 18.17197 0.198 -79.7897 13.9897
Control 14.73333 24.60496 0.823 -48.7556 78.2223
Inside 32.90000 18.17197 0.198 -13.9897 79.7897
Inside 16.30303 20.02284 0.700 -35.3625 67.9686
Outside -14.79333 22.45008 0.790 -72.7220 43.1353
Control -16.30303 20.02284 0.700 -67.9686 35.3625
Outside -31.09636 16.58048 0.178 -73.8795 11.6868
Control 14.79333 22.45008 0.790 -43.1353 72.7220
Inside 31.09636 16.58048 0.178 -11.6868 73.8795
Inside 10.87879 13.05991 0.689 -22.8201 44.5777
Outside -13.26667 14.64308 0.644 -51.0507 24.5173
Control -10.87879 13.05991 0.689 -44.5777 22.8201
Outside -24.14545 10.81463 0.096 -52.0508 3.7599
Control 13.26667 14.64308 0.644 -24.5173 51.0507
Inside 24.14545 10.81463 0.096 -3.7599 52.0508
Inside 5.51758 5.27568 0.560 -8.0954 19.1306
Outside -1.39933 5.91522 0.970 -16.6626 13.8639
Control -5.51758 5.27568 0.560 -19.1306 8.0954
Outside -6.91691 4.36868 0.281 -18.1896 4.3557
Control 1.39933 5.91522 0.970 -13.8639 16.6626
Inside 6.91691 4.36868 0.281 -4.3557 18.1896
Inside 5.91121 4.30335 0.377 -5.1928 17.0153
Outside -0.06533 4.82502 1.000 -12.5155 12.3848
Control -5.91121 4.30335 0.377 -17.0153 5.1928
Outside -5.97655 3.56351 0.244 -15.1716 3.2185
Control 0.06533 4.82502 1.000 -12.3848 12.5155




































Table G.3 Results of Tukey’s HSD post hoc test for ICP-MS rare earth elements (REE’s). A 
total of 14 REE’s are present from ICP-MS analysis, however, split into two separate tables. All 
REE’s in this second table shows no statistically significant differences between inside and 
outside the fire groups (p>0.05). Various elements such as Tb, Dy, Ho, Er, Tm, Yb, and Lu show 
statistically significant differences between control site BK_5 and inside the fire sample sites 
(p<0.005). 
 
Inside 6.42788 2.56085 0.057 -0.1800 13.0357
Outside 3.86933 2.87129 0.391 -3.5395 11.2782
Control -6.42788 2.56085 0.057 -13.0357 0.1800
Outside -2.55855 2.12059 0.466 -8.0304 2.9133
Control -3.86933 2.87129 0.391 -11.2782 3.5395
Inside 2.55855 2.12059 0.466 -2.9133 8.0304
Inside 6.00000* 1.77482 0.010 1.4204 10.5796
Outside 4.20000 1.98997 0.119 -0.9348 9.3348
Control -6.00000* 1.77482 0.010 -10.5796 -1.4204
Outside -1.80000 1.46969 0.456 -5.5923 1.9923
Control -4.20000 1.98997 0.119 -9.3348 0.9348
Inside 1.80000 1.46969 0.456 -1.9923 5.5923
Inside 5.66667* 1.54600 0.006 1.6775 9.6559
Outside 4.20267 1.73341 0.067 -0.2701 8.6754
Control -5.66667* 1.54600 0.006 -9.6559 -1.6775
Outside -1.46400 1.28021 0.502 -4.7674 1.8394
Control -4.20267 1.73341 0.067 -8.6754 0.2701
Inside 1.46400 1.28021 0.502 -1.8394 4.7674
Inside 5.30303* 1.70450 0.017 0.9048 9.7012
Outside 3.86867 1.91113 0.138 -1.0627 8.8000
Control -5.30303* 1.70450 0.017 -9.7012 -0.9048
Outside -1.43436 1.41146 0.578 -5.0764 2.2077
Control -3.86867 1.91113 0.138 -8.8000 1.0627
Inside 1.43436 1.41146 0.578 -2.2077 5.0764
Inside 4.18182 1.84226 0.090 -0.5718 8.9355
Outside 3.53400 2.06559 0.232 -1.7959 8.8639
Control -4.18182 1.84226 0.090 -8.9355 0.5718
Outside -0.64782 1.52554 0.906 -4.5842 3.2886
Control -3.53400 2.06559 0.232 -8.8639 1.7959
Inside 0.64782 1.52554 0.906 -3.3886 4.5842
Inside 5.63636* 1.72132 0.013 1.1948 10.0779
Outside 3.60000 1.92999 0.181 -1.3800 8.5800
Control -5.63636* 1.72132 0.013 -10.0779 -1.1948
Outside -2.03636 1.42539 0.350 -5.7143 1.6416
Control -3.60000 1.92999 0.181 -8.5800 1.3800
Inside 2.03636 1.42539 0.350 -1.6416 5.7143
Inside 5.75758* 2.05334 0.032 0.4593 11.0559
Outside 4.40067 2.30225 0.168 -1.5399 10.3412
Control -5.75758* 2.05334 0.032 -11.0559 -0.4593
Outside -1.35691 1.70033 0.710 -5.7443 3.0305
Control -4.40067 2.30225 0.168 -10.3412 1.5399





































Table H.1 Results of analysis of variance for all major oxides detected by XRF analysis. Results 
show SiO2 and Al2O3 are statistically significant (p<0.05) elements comparing inside and outside 
the fire sediments. 
 
Sum of Squares df Mean Squares F Sig. 
Between Groups 0.017 2 0.008 0.219 0.806
Within Groups 0.604 16 0.038
Total 0.621 18
Between Groups 72.849 2 36.425 8.041 0.004
Within Groups 72.481 16 4.53
Total 145.33 18
Between Groups 0.074 2 0.037 1.092 0.359
Within Groups 0.545 16 0.034
Total 0.619 18
Between Groups 1.601 2 0.801 15.192 0.000












Table H.2 Results of analysis of variance for XRF trace elements. A total of 22 trace elements 
are present from XRF analysis, however, split into two separate tables. All trace elements in this 
first table shows Ca, Cr, Mn, Fe, Ni, and Cu show statistically significant differences between 
and inside the fire sample sites (p<0.005). 
 
Sum of Squares df Mean Squares F Sig. 
Between Groups 988996.628 2 494498.314 0.789 0.471
Within Groups 10022094.110 16 626380.882
Total 11011090.740 18
Between Groups 5663624.181 2 2831812.091 1.215 0.323
Within Groups 37277465.5 16 2329841.594
Total 42941089.68 18
Between Groups 15149531 2 7574765.501 5.808 0.013
Within Groups 20868611.1 16 1304288.194
Total 36018142.11 18
Between Groups 1591523.004 2 795761.502 2.885 0.085
Within Groups 4413391.733 16 275836.983
Total 6004914.737 18
Between Groups 1937.420 2 968.710 5.588 0.014
Within Groups 2773.527 16 173.345
Total 4710.947 18
Between Groups 128294803.6 2 64147401.79 5.367 0.016
Within Groups 191240576.4 16 11952536.03
Total 319535380 18
Between Groups 1632847339 2 816423669.6 20.251 0.000
Within Groups 645052754.8 16 40315797.18
Total 2277900094 18
Between Groups 0.000 2 0.000
Within Groups 0.000 16 0.000
Total 0.000 18
Between Groups 1527.002 2 763.501 7.106 0.006
Within Groups 1719.103 16 107.444
Total 3246.105 18
Between Groups 523794.722 2 261897.361 27.870 0.000
Within Groups 150352.436 16 9397.027
Total 674147.158 18
Between Groups 10068.322 2 5034.161 0.318 0.732



















Table H.3 Results of analysis of variance for XRF trace elements. A total of 22 trace elements 
are present from XRF analysis, however, split into two separate tables. All trace elements in this 
second table shows Rb, Sr, and Ba show statistically significant differences between and inside 
the fire sample sites (p<0.005). Trace elements Se, Th, and U were not detected by XRF 
analysis.  
 
Between Groups 25.988 2 12.994 1.130 0.348
Within Groups 184.012 16 11.501
Total 210.000 18
Between Groups 22.382 2 11.191 0.184 0.834
Within Groups 972.776 16 60.798
Total 995.158 18
Between Groups 0.000 2 0.000
Within Groups 0.000 16 0.000
Total 0.000 18
Between Groups 3896.589 2 1948.295 23.666 0.000
Within Groups 1317.2 16 82.325
Total 5213.789 18
Between Groups 1040.036 2 520.018 10.51 0.001
Within Groups 791.648 16 49.478
Total 1831.684 18
Between Groups 46.227 2 23.114 0.414 0.668
Within Groups 894.194 16 55.887
Total 940.421 18
Between Groups 139546.886 2 69773.443 0.546  
Within Groups 2046105.745 16 127881.609
Total 2185652.632 18
Between Groups 654494.038 2 327247.019 14.549 0.000
Within Groups 359882.594 16 22492.662
Total 1014376.632 18
Between Groups 155.573 2 77.786 0.229 0.798
Within Groups 5434.848 16 339.678
Total 5590.421 18
Between Groups 0.000 2 0.000
Within Groups 0.000 16 0.000
Total 0.000 18
Between Groups 0.000 2 0.000


















Table H.4 Results of Tukey’s HSD post hoc test for XRF major oxides. MgO, K2O, and Al2O3 
major oxides show no statistically significant differences between inside and outside the fire 
groups (p>0.05). Major oxide such as SiO2 show statistically significant differences between 
inside and outside the fire (p<0.05). Only Al2O3 show statistically significant differences 
between control site BK_5 and inside the fire sample sites (p<0.005). 
 
(I) Burn (J) Burn Mean Difference (I-J) Std. Error Sig. Lower Bound Upper Bound
Inside 0.02909 0.12660 0.971 -0.2976 0.3558
Outside -0.04000 0.14195 0.957 -0.4063 0.3263
Control -0.02909 0.12660 0.971 -0.3558 0.2976
Outside -0.06909 0.10484 0.790 -0.3396 0.2014
Control 0.04000 0.14195 0.957 -0.3263 0.4063
Inside 0.06909 0.10484 0.790 -0.2014 0.3396
Inside -1.66970 1.38631 0.468 -5.2468 1.9074
Outside -5.55333
* 1.55436 0.007 -9.5641 -1.5426
Control 1.66970 1.38631 0.468 -1.9074 5.2468
Outside -3.88364
* 1.14797 0.010 -6.8458 -0.9215
Control 5.55333
* 1.55436 0.007 1.5426 9.5641
Inside 3.88364* 1.14797 0.010 0.9215 6.8458
Inside -0.08000 0.12020 0.786 -0.3902 0.2302
Outside 0.06400 0.13477 0.884 -0.2838 0.4118
Control 0.08000 0.12020 0.786 -0.2302 0.3902
Outside 0.14400 0.09954 0.342 -0.1128 0.4008
Control -0.06400 0.13477 0.884 -0.4118 0.2838
Inside -0.14400 0.09954 0.342 -0.4008 0.1128
Inside .72091
* 0.14953 0.001 0.3351 1.1067
Outside .88600
* 0.16765 0.000 0.4534 1.3186
Control -.72091
* 0.14953 0.001 -1.1067 -0.3351
Outside 0.16509 0.12382 0.398 -0.1544 0.4846
Control -.88600
* 0.16765 0.000 -1.3186 -0.4534
























Table H.5 Results of Tukey’s HSD post hoc test for XRF trace elements. A total of 22 trace 
elements are present from XRF analysis, however, split into two separate tables. All trace 
elements in this first table shows only Cr to have statistically significant differences between and 
inside the fire sample sites (p<0.005). Other elements such as Cr, Mn, Fe, Ni, and Cu show 
statistically significant differences between control site BK_5 and inside the fire sample sites 
(p<0.005). 
(I) Burn (J) Burn Mean Difference (I-J) Std. Error Sig. Lower Bound Upper Bound
Inside -441.90909 515.49718 0.674 -1772.0624 888.2442
Outside 31.60000 577.98772 0.998 -1459.7996 1522.9996
Control 441.90909 515.49718 0.674 -888.2442 1772.0624
Outside 473.50909 426.87222 0.522 -627.9625 1574.9807
Control -31.60000 577.98772 0.998 -1522.9996 1459.7996
Inside -473.50909 426.87222 0.522 -1574.9807 627.9625
Inside -341.51515 994.19196 0.937 -2906.8594 2223.8291
Outside 941.06667 1114.7117 0.682 -1935.2584 3817.3917
Control 341.51515 994.19196 0.937 -2223.8291 2906.8594
Outside 1282.58182 823.26915 0.292 -841.725 3406.8886
Control -941.06667 1114.7117 0.682 -3817.3917 1935.2584
Inside -1282.58182 823.26915 0.292 -3406.8886 841.725
Inside 1486.15152 743.86449 0.145 -433.265 3405.568
Outside 2810.53333
* 834.03859 0.010 658.4378 4962.6289
Control -1486.15152 743.86449 0.145 -3405.568 433.265
Outside 1324.38182 615.97832 0.111 -265.0461 2913.8097
Control -2810.53333
* 834.03859 0.010 -4962.6289 -658.4378
Inside -1324.38182 615.97832 0.111 -2913.8097 265.0461
Inside 21.54545 8.57558 0.057 -0.5824 43.6733
Outside 1.80000 9.61514 0.981 -23.0102 26.6102
Control -21.54545 8.57558 0.057 -43.6733 0.5824
Outside -19.74545* 7.10125 0.034 -38.0690 -1.4219
Control -1.80000 9.61514 0.981 -26.6102 23.0102
Inside 19.74545* 7.10125 0.034 1.4219 38.0690
Inside 6672.96970
* 2251.83766 0.024 862.4834 12483.4560
Outside 7759.73333
* 2524.81403 0.019 1244.8777 14274.5890
Control -6672.96970
* 2251.83766 0.024 -12483.4560 -862.4834
Outside 1086.76364 1864.69874 0.831 -3724.7761 5898.3034
Control -7759.73333
* 2524.81403 0.019 -14274.5890 -1244.8777
Inside -1086.76364 1864.69874 0.831 -5898.3034 3724.7761
Inside 24246.60606
* 4135.65854 0.000 13575.2386 34917.9735
Outside 27240.33333* 4636.99887 0.000 15275.3419 39205.3247
Control -24246.60606
* 4135.65854 0.000 -34917.9735 -13575.2386
Outside 2993.72727 3424.65063 0.664 -5843.0045 11830.4591
Control -27240.33333
* 4636.99887 0.000 -39205.3247 -15275.3419
Inside -2993.72727 3424.65063 0.664 -11830.4591 5843.0045
Inside 17.51515
* 6.75146 0.049 0.0941 34.9362
Outside 28.53333
* 7.5699 0.005 9.0005 48.0662
Control -17.51515
* 6.75146 0.049 -34.9362 -0.0941
Outside 11.01818 5.59074 0.152 -3.4078 25.4442
Control -28.53333
* 7.5699 0.005 -48.0662 -9.0005
Inside -11.01818 5.59074 0.152 -25.4442 3.4078
Inside 471.18182
* 63.13967 0.000 308.2606 634.1031
Outside 358.80000
* 70.7937 0.000 176.1288 541.4712
Control -471.18182
* 63.13967 0.000 -634.1031 -308.2606
Outside -112.38182 52.28461 0.111 -247.2934 22.5298
Control -358.80000
* 70.7937 0.000 -541.4712 -176.1288
Inside 112.38182 52.28461 0.111 -22.5298 247.2934
Inside -53.18182 81.96248 0.796 -264.6721 158.3085
Outside -11.40000 91.89828 0.992 -248.5280 225.7280
Control 53.18182 81.96248 0.796 -158.3085 264.6721
Outside 41.78182 67.87138 0.814 -133.3488 216.9124
Control 11.40000 91.89828 0.992 -225.7280 248.5280












































Table H.6 Results of Tukey’s HSD post hoc test for XRF trace elements. A total of 22 trace 
elements are present from XRF analysis, however, split into two separate tables. All trace 
elements in this second table shows no trace elements to have statistically significant differences 
between and inside the fire sample sites (p<0.005). Other elements such as Sr and Ba show 
statistically significant differences between control site BK_5 and inside the fire sample sites 
(p<0.005). 
(I) Burn (J) Burn Mean Difference (I-J) Std. Error Sig. Lower Bound Upper Bound
Inside -53.18182 81.96248 0.796 -264.6721 158.3085
Outside -11.40000 91.89828 0.992 -248.5280 225.7280
Control 53.18182 81.96248 0.796 -158.3085 264.6721
Outside 41.78182 67.87138 0.814 -133.3488 216.9124
Control 11.40000 91.89828 0.992 -225.7280 248.5280
Inside -41.78182 67.87138 0.814 -216.9124 133.3488
Inside 3.03030 2.20887 0.378 -2.6693 8.7299
Outside 3.46667 2.47664 0.364 -2.9239 9.8572
Control -3.03030 2.20887 0.378 -8.7299 2.6693
Outside 0.43636 1.82912 0.969 -4.2834 5.1561
Control -3.46667 2.47664 0.364 -9.8572 2.9239
Inside -0.43636 1.82912 0.969 -5.1561 4.2834
Inside -1.42424 5.07871 0.958 -14.5290 11.6805
Outside 1.06667 5.69437 0.981 -13.6267 15.7600
Control 1.42424 5.07871 0.958 -11.6805 14.5290
Outside 2.49091 4.20557 0.826 -8.3609 13.3427
Control -1.06667 5.69437 0.981 -15.7600 13.6267
Inside -2.49091 4.20557 0.826 -13.3427 8.3609
Inside 15.93939
* 4.58156 0.008 4.1175 27.7613
Outside 23.46667
* 5.13695 0.001 10.2116 36.7217
Control -15.93939
* 4.58156 0.008 -27.7613 -4.1175
Outside 7.52727 3.79389 0.148 -2.2622 17.3168
Control -23.46667
* 5.13695 0.001 -36.7217 -10.2116
Inside -7.52727 3.79389 0.148 -17.3168 2.2622
Inside 0.78788 4.86926 0.986 -11.7764 13.3522
Outside -2.86667 5.45953 0.860 -16.9541 11.2207
Control -0.78788 4.86936 0.986 -13.3522 11.7764
Outside -3.65455 4.03213 0.644 -14.0588 6.7497
Control 2.86667 5.45953 0.860 -11.2207 16.9541
Inside 3.65455 4.03213 0.644 -6.7497 14.0588
Inside 142.63636 232.92231 0.816 -458.3803 743.6530
Outside -45.60000 261.15805 0.983 -719.4742 628.2742
Control -142.63636 232.92231 0.816 -743.6530 458.3803
Outside -188.23636 192.87800 0.602 -685.9254 309.4527
Control 45.60000 261.15805 0.983 -628.2742 719.4742
Inside 188.23636 192.87800 0.602 -309.4527 685.9254
Inside 494.78788
* 97.68491 0.000 242.7285 746.8473
Outside 533.73333
* 109.52665 0.000 251.1183 816.3483
Control -494.78788* 97.68491 0.000 -746.8473 -242.7285
Outside 38.94545 80.89079 0.881 -169.7795 247.6705
Control -533.73333
* 109.52665 0.000 -816.3483 -251.1183
Inside -38.94545 80.89079 0.881 -247.6705 169.7795
Inside -2.06061 12.00441 0.984 -33.0360 28.9147
Outside 4.66667 13.45963 0.936 -30.0636 39.3970
Control 2.06061 12.00441 0.984 -28.9147 33.0360
Outside 6.72727 9.94059 0.780 -18.9228 32.3773
Control -4.66667 13.45963 0.936 -39.3970 30.0636











































Table I.1 Correlation matrix of ICP-MS major oxides and particle size in stream sediments 
inside the fire. Pearson’s correlation coefficient (r) given along with statistical significance. 
Statistically significant correlations are denoted with (*). Pearson’s correlation is denoted with 
(**). Blue colored boxes indicate oxides that tested high concentrations and statistically 
significant differences between inside and inside the fire. The closer the Pearson’s r is to one, the 
stronger the correlation is between each particle size and element. Negatives indicate one 







Table I.2 Correlation matrix of ICP-MS trace elements and particle size in stream sediments 
inside the fire. Pearson’s correlation coefficient (r) given along with statistical significance. 
Statistically significant correlations are denoted with (*). Pearson’s correlation is denoted with 
(**). The closer the Pearson’s r is to one, the stronger the correlation is between each particle 
size and element. Negatives indicate one variable increases in value, the second variable 
decreases, which is considered a negative correlation. Elements such as Ba, Cu, and Zr presented 
in the table resulted the highest concentrations among the trace elements. Results indicate 







Table I.3 Correlation matrix of ICP-MS trace elements and particle size in stream sediments 
inside the fire. Pearson’s correlation coefficient (r) given along with statistical significance. 
Statistically significant correlations are denoted with (*). Pearson’s correlation is denoted with 
(**). The closer the Pearson’s r is to 1, the stronger the correlation is between each particle size 
and element. Negatives indicate one variable increases in value, the second variable decreases, 
which is considered a negative correlation. Results shows trace elements that detected relatively 
high concentrations in ICP-MS analysis. According to Pearson’s r results, elements show a weak 
relationship with particle size. Each element shows r values closer to zero than to one, meaning 
that changes in one variable (elements) are not correlated with changes in the second variable 






Table I.4 Correlation matrix of ICP-MS trace elements and particle size in stream sediments 
inside the fire. Pearson’s correlation coefficient (r) given along with statistical significance. 
Statistically significant correlations are denoted with (*). Pearson’s correlation is denoted with 
(**). The closer the Pearson’s r is to 1, the stronger the correlation is between each particle size 
and element. Negatives indicate one variable increases in value, the second variable decreases, 
which is considered a negative correlation. Results shows statistically significant trace elements 
that detected relatively high concentrations in ICP-MS analysis. According to Pearson’s r values, 














Table J.1 Correlation matrix of ICP-MS major oxides and particle size in stream sediments 
outside the fire. Pearson’s correlation coefficient (r) given along with statistical significance. 
Statistically significant correlations are denoted with (*). Pearson’s correlation is denoted with 
(**). The closer the Pearson’s r is to one, the stronger the correlation is between each particle 
size and element. Negatives indicate one variable increases in value, the second variable 
decreases, which is considered a negative correlation. Blue colored boxes indicate oxides that 
tested high concentrations and statistically significant differences between inside and outside the 
fire. Outside the fire major oxides show an overall weak negative correlation to sand, silt, and 
clay except for MnO. Major oxide MnO shows a strong statistically significant correlation with 






Table J.2 Correlation matrix of ICP-MS trace elements and particle size in stream sediments 
outside the fire. Pearson’s correlation coefficient (r) given along with statistical significance. 
Statistically significant correlations are denoted with (*). Pearson’s correlation is denoted with 
(**). The closer the Pearson’s r is to one, the stronger the correlation is between each particle 
size and element. Negatives indicate one variable increases in value, the second variable 
decreases, which is considered a negative correlation. Results indicate statistically significant 






Table J.3 Correlation matrix of ICP-MS trace elements and particle size in stream sediments 
outside the fire. Pearson’s correlation coefficient (r) given along with statistical significance. 
Statistically significant correlations are denoted with (*). Pearson’s correlation is denoted with 
(**). The closer the Pearson’s r is to one, the stronger the correlation is between each particle 
size and element. Negatives indicate one variable increases in value, the second variable 
decreases, which is considered a negative correlation. Elements V, Co, Ni, Rb, and Sr detected 
high concentrations from ICP-MS analysis. According to Pearson’s r, there are no strong 








Table J.4 Correlation matrix of ICP-MS trace elements and particle size in stream sediments 
outside the fire. Pearson’s correlation coefficient (r) given along with statistical significance. 
Statistically significant correlations are denoted with (*). Pearson’s correlation is denoted with 
(**). The closer the Pearson’s r is to one, the stronger the correlation is between each particle 
size and element. Negatives indicate one variable increases in value, the second variable 
decreases, which is considered a negative correlation. Elements V, Co, Cu, Rb, Sr, and Ba tested 
statistically significant differences between inside and outside the fire. Results concluded from 

















Table K.1 Correlation matrix of XRF trace elements and particle size in stream sediments inside 
the fire. Pearson’s correlation coefficient (r) given along with statistical significance. Statistically 
significant correlations are denoted with (*). Pearson’s correlation is denoted with (**). The 
closer the Pearson’s r is to one, the stronger the correlation is between each particle size and 
element. Negatives indicate one variable increases in value, the second variable decreases, which 
is considered a negative correlation. Elements presented in the table showed high concentrations 
detected by XRF and are detected by ICP-MS. Results show weak negative correlations between 








Table K.2 Correlation matrix of XRF trace elements and particle size in stream sediments 
outside the fire. Pearson’s correlation coefficient (r) given along with statistical significance. 
Statistically significant correlations are denoted with (*). Pearson’s correlation is denoted with 
(**). The closer the Pearson’s r is to one, the stronger the correlation is between each particle 
size and element. Negatives indicate one variable increases in value, the second variable 
decreases, which is considered a negative correlation. Elements presented in the table showed 
high concentrations detected by XRF and are detected by ICP-MS. Statistically significant 
correlations are in red bold box. Fe, Ni, Cu, and Rb shows statistically significant strong 
correlation with clay outside the fire. More statistically significant correlations existed among 
elements in clay than in sand or silt.  
